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PREFACE 


The  volumes  of  the  Intematiotial  Library  of  Technolotgy  are 
made  up  of  InstrucJtion  Papers,  or  Sections,  comprising  the 
various  cburses  of  instruction  fdr  students  of  the  International 
Correspondence  Schools.  The  original  manuscript  fof  eadi 
Instruction  Paper  is  prepared  by  a  person  thoroughly  qualified, 
both  technically  and  by  experience,  to  write  with  authority 
on  his  subject.  In  many  cases  the  writer  is  regularly  employed 
elsewhere  in  practical  work  and  writes  for  us  during  spare  time. 
The  manuscripts  are  then  catef  ully  edited  to  make  them  suitable 
for  correspondence  work. 

The  only  qualification  for  enrolment  as  a  student  in  these 
Schools  is  the  ability  to  read  English  and  to  write  intelligibly 
the  answers  to  the  Examination  Questions.  Hence,  our  stu- 
dents are  of  all  grades  of  education,  and  our  Instruction  Papers 
are,  therefore,  written  in  the  simplest  possible  language  so  as 
to  make  them  readily  understood  by  all  students.  If  tech- 
nical expressions  are  essential  to  a  thorough  imderstanding  of 
the  subject,  they  are  clearly  explained  when  first  introduced. 

The  great  majority  of  our  students  wish  to  prepare  them- 
selves for  advancement  in  their  vocations  or  to  qualify  for 
other  and  more  congenial  occupations.  Their  time  for  study 
is  usually  after  the  day's  work  is  done  and  is  limited  to  a  few 
hoiu^  each  day.  Therefore,  every  effort  is  made  to  give  them 
practical  and  acciu*ate  information  in  clear,  concise  form,  and 
to  make  this  information  include  all  of  the  essentials  but  none 
of  the  non-essentials.  To  effect  this  result  derivations  of  rules 
and  formulas  are  usually  omitted,  but  thorough  and  complete 
instructions  are  given  regarding  how,  when,  and  imder  what 
conditions,  any  particular  rule,  formula,  or  process  should  be 
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iv  PREFACE 

applied.  Whenever  possible  one  or  more  examples,  such  as 
would  be  likely  to  arise  in  actual  practice,  together  with  their 
solutions,  are  given  for  illustration. 

As  the  best  way  to  make  a  statement,  explanation,  or  descrip- 
tion clear  is  to  give  a  picture  or  a  diagram  in  connection  with 
it,  illustrations  are  very  freely  used.  These  illustrations  are 
especially  made  by  our  own  Illustrating  Department  in  order 
to  adapt  them  fully  to  the  requirements  of  the  text.  Projec- 
tion drawings,  sectional  drawings,  outline  drawings,  perspec- 
tive drawings,  partly  shaded  or  full  shaded,  are  employed, 
according  to  which  will  best  produce  the  desired  result.  Half- 
tone engravings  are  used  only  in  those  cases  where  the  general 
effect  is  desired  rather  than  the  actual  details. 

In  the  table  of  contents  that  immediately  follows  are  given 
the  titles  of  the  Sections  included  in  this  volvime,  and  under 
each  title  is  listed  the  main  topics  discussed.  At  the  end  of 
the  volume  will  be  found  a  complete  index,  so  that  quick 
reference  can  be  made  to  any  subject  treated. 
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ELECTRIC  RAILWAY  SYSTEMS 


INTRODUCTION 

1.  A  ntimber  of  railway  systems  have  been  developed  in 
which  electric  motors  installed  on  the  cars  are  utilized  to  drive 
the  cars  and  trains.  Electric  energy  for  the  operation  of  these 
motors  is  generated  at  one  or  more  main  stations  and,  for  the 
larger  systems,  is  distributed  through  substations  to  conductors 
leading  to  the  moving  cars. 

The  larger  ntmiber  of  electric  cars  are  propelled  by  direct- 
current,  or  continuous-current,  energy.  In  large  systems  alter- 
nating-current energy  is  usually  supplied  by  the  main  stations 
to  the  substations,  where  it  is  converted  by  rotary  converters 
or  motor-generators  into  direct-current  energy  for  the  car 
motors. 

Alternating-current  motors  are  also  used  to  propel  the  cars 
in  some  railway  systems;  in  such  cases,  the  rotary-converter 
substation  is  not  required.  Alternating-current  energy  is  gen- 
erated in  the  main  station  and  utilized  on  the  moving  cars. 

2.  Electric  railway  systems  are  broadly  classified  according 
to  the  kind  of  electric  energy  supplied  to  the  motors  on  the  cars, 
as  direcU-current  or  alternating-current  systems,  Ftirther  classi- 
fication is  based  on  the  method  of  current  collection  or  supply 
used  on  the  moving  cars,  as  trolley,  third-rail,  slot,  storage-battery 
car,  and  gasoline-electric  car  systems.  The  most  generally  used 
is  the  the  direct-current,  trolley  system.  The  other  systems 
mentioned  have  been  adopted  where  other  methods  of  cturent 
distribution  and  collection  must  be  employed  to  meet  operat- 
ing conditions  or  comply  with  city  laws. 

COPVmaHTSD  by  INTBIINATIONAL  textbook  company,      all  mOHTS   RKSBRVBO 
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DIRECT-CURRENT  RAILWAY  SYSTEMS 


CURRENT-COLLECTION  SYSTEMS 


TROLLEY    SYSTEM 

3.  The  methods  of  supplying  current  to  the  cars  usually 
depend  on  the  local  conditions  affecting  operation  of  the  sys- 
tem. In  most  of  the  city  and  suburban  roads,  the  trolley 
system  is  employed  because  of  its  reasonable  cost  of  installa- 
tion and  the  small  liability  of  people  or  vehicles  coming  in 
cbntact  with  the  trolley  wire,  which  is  a  bare  conductor  sus- 


PlG.  1 

pended  over  the  center  of  the  tracks.  This  wire  is  connected 
at  intervals  with  large  conductors,  called  feeders,  which  are  often 
moimted  on  the  poles  supporting  the  trolley  wire.  The  feeders 
are  connected  to  the  positive  terminals  of  the  main  generators 
or  of  the  rotary  converters.  Each  car  is  provided  with  a  device 
called  a  trolley.    This  consists  of  a  pole  moimted  on  the  roof 
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§  17  ELECTRIC  RAILWAY  SYSTEMS  3 

of  the  car  and  having  at  its  upper  end  a  wheel  that  runs  in  con- 
tact with  the  lower  surface  of  the  trolley  wire.  Current  passes 
through  the  wheel  and  pole  to  the  motors  on  the  car  and  thence  to 
the  rails.  The  rails  are  connected  through  the  earth  or  through 
copper  conductors  to  the  negative  terminals  of  the  generators  or 
rotary  converters.    A  complete  electric  circuit  is  thus  formed. 

4.  Fig.  1  shows  the  more  important  current-collection 
features  of  a  trolley  system.  All  cars  are  in  parallel  between 
the  trolley  wire  and  the  grotmd ;  therefore,  the  operation  of  any 
car  is  independent  of  all  others  that  are  in  normal  condition. 
An  accident  to  one  car  cannot  prevent  the  others  from  operating 
unless  the  line  is  short-circuited  by  the  accident. 

5.  A  trolley  system  using  a  single  trolley  wire  is  called  a 
ground-return  system,  because  the  ground  forms  at  least  a  part 
of  the  negative  side  of  the  circuit,  the  rails  being  in  contact  with 
the  earth.  In  some  early  systems,  two  trolley  wires  placed  side 
by  side  were  used.  One  wire  was  connected  to  the  positive  bus- 
bars and  the  other  wire  to  the  negative  bus-bars  at  the  station. 
Such  a  system  is  a  metallic-return  system,  because  both  sides  of 
the  circuit  are  metallic  conductors;  the  rails  and  earth  do  not 
form  a  part  of  the  circuit.  Two  trolleys  on  each  car  must  be 
used  and  the  overhead  wiring  in  the  streets  is  complicated. 


THIBD-RAIL    SYSTEM 

6.  The  third -rail  system  is  electrically  the  same  as  the 
trolley  system.  The  trolley  wire  is  replaced  by  a  third  rail, 
which  is  usually  motmted  on  insulators  to  one  side  of  the  track 
and  a  little  above  the  level  of  the  track  rails.  The  current 
passes  to  the  car  circuits  through  shoes  that  slide  on  the  con- 
tact rail  and  returns  to  the  station  through  the  track  rails. 
In  a  few  cases,  both  positive  and  negative  conductor  rails  have 
been  used,  the  track  rails  in  such  cases  not  being  used  as  a 
return  circuit. 

Fig.  2  shows  the  collecting-shoe  arrangement  for  third-rail 
equipment.  The  third  rail  a  is  of  standard  T  section  and  is 
supported  on  insulators  b  resting  on  every  fifth  tie,  which  is 
extended  for  this  purpose.    The  link-suspended  cast-iron  shoe  c 
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has  a  limited  vertical  movement  and  the  whole  collecting  device 
is  moimted  on  a  wooden  beam  d  supported  by  the  truck.    A 


i 


cable  e  leads  to  the  controlling  devices  on  the  car  and  con- 
nection is  made  to  the  shoe  through  a  bare,  flexible,  copper 
cable  /  which  is  called  the  shoe  shunt  because  it  shtmts  the 
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current  arotmd  the  link-pin  connections,  thereby  preventing  their 
becoming  blistered  by  the  current  crossing  their  comparatively 
poor  contacts.  In  some  cases  a  shoe  fuse  is  connected  in  the 
circuit  at  g  to  cut  off  the  current  in  case  of  a  short  circuit;  the 
fuse  may  be  of  either  the  enclosed  or  open  type.  The  third- 
rail  construction  is  much  used  for  heavy-traflSc,  high-speed  serv- 
ice over  private  right  of  way  where  the  live  rail  is  not  a  menace 
to  persons  and  cattle.  As  the  cross-section  of  the  contact  rail 
has  a  large  copper  equivalent,  long  stretches  of  track  can  be 
supplied  with  current  without  using  feeders. 


SLOT   SYSTEM 

7.    The  slot  system,  or  open-conduit  system.  Figs.  3  and  4,  is 
used  only  in  large  cities  where  heavy  traffic  warrants  the  great 
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expense  of  installation  and  city  ordinances  prohibit  overhead 
trolley  wires  and  feeders.    Two  conductor  rails  a,  one  positive 
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and  the  other  negative,  are  mounted  in  the  conduit  and  are 

connected  through  feeders  run  in 
adjacent  ducts  to  the  positive 
and  negative  terminals  of  the 
generators  at  the  station,  thus 
forming  a  metallic-return  sys- 
t«n.  At  the  top  of  the  conduit 
is  a  f -inch  slot  between  rails  e, 
through  which  passes  a  plow, 
suspended  from  the  car  truck. 
Flat  steel  springs  h  press  two 
cast-iron  or  soft-steel  shoes  s, 
mounted  on  the  lower  part  of  the 

^  plow,    against    the    conductor 

I  rails.     Flexible  cables  c  extend 

through  the  body  of  the  plow 

and  connect  through  fuses,  or 

Fjg-*  shoe  shtmts,  d.  Fig.  4,  to  the 

plow  shoes.    The  upper  ends  of  cables  c.  Fig.  3,  connect  to  the 

car  circuit.  

ENERGY  DISTRIBUTION  SYSTEMS  FOR  DIRECT- 
CURRENT  OPERATION 

8.  The  term  energy  distribution  systems  as  here  used 
applies  to  the  arrangement  of  conductors  by  which  electric 
energy  is  transmitted  from  the  main  station,  either  directly  or 
through  substations  to  the  trolley  wire  or  third  rail,  from  which 
the  current  for  the  car  is  taken.  Systems  using  direct-current 
motors  on  the  cars  are  here  considered;  of  these  there  are  two 
main  divisions:  (1)  Direct-current  generation  and  supply  to 
the  cars;  (2)  alternating-current  generation  and  direct-current 
supply  to  the  cars. 

DIRECT-CURRENT    GENERATION    AND    SUPPLY 

9.  550- Volt  System. — The  simplest  method  of  supply- 
ing energy  to  cars  is  by  direct  current  transmitted  from  the 
generators  in  the  main  station  to  the  trolley  wire  without  any 
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intervening  transforming  devices.    The  voltage  between  the 
positive  and  n^ative  bus-bars  is  generally  from  600  to  600  volts; 


the  latter  voltage  is  the  later  development.  This  system  is 
adapted  to  operation  in  sections  of  dense  population  where  the 
distances  are  not  too  great;  it  is  not  adapted  to  economical 
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transmission  of  large  amounts  of  energy  over  long  distances, 
because  at  low  voltage  the  current  required  is  very  large  and 
the  line  losses  excessive.  Efforts  to  decrease  these  losses  by 
greatly  increasing  the  copper  result  tmprofitably. 

10.  Fig.  5  indicates  the  more  important  connections  of  the 
parts  of  a  railway  system  of  this  simple  type.  An  engine  5 
drives  a  direct-current  generator  D,  which  is  connected  with 
the  switchboard  K\  this  is  connected  with  the  trolley  and  rails 
forming  a  current  path  as  indicated  by  the  arrowheads. 

11.  Each  car  requires  a  current  proportional  to  the  power 
necessary  to  operate  it.  The  sum  of  the  currents  taken  by  the 
cars  forms  the  load  on  the  station.  The  total  current  is  indi- 
cated by  the  ammeter  connected  to  the  negative  bus-bar,  as 
in  Fig.  5. 

In  a  very  small  system,  the  trolley  wire,  if  only  in  one  sec- 
tion, may  be  connected  directly  to  the  positive  bus-bar  without 
the  use  of  feeder  cables.  In  large  systems,  the  trolley  wire  is 
usually  in  sections  and  is  too  small  to  carry  all  the  current; 
feeder  cables  are  then  provided  to  connect  the  positive  bus-bar 
directly  with  the  more  distant  trolley  wire  sections. 

12.  Return  cables  connecting  points  on  the  track  to  the 
negative  bus-bars  are  installed  in  some  systems.  The  con- 
ductivity of  the  track-return  portion  of  the  circuit  is  thus 
improved  and  the  liability  of  damage  to  iron  pipes,  due  to  the 
pipes  forming  part  of  the  current-return  system,  is  lessened. 

13.  The  maximum  distance  it  is  economical  to  operate 
cars  with  direct-current  energy  generation  at  a  voltage  of  from 
500  to  600  depends  on  the  character  of  the  trafl&c  and  on  the 
frequency  of  the  service;  the  limiting  distance  has  been  often 
stated  in  round  numbers,  a^  7  miles.  Many  roads  operate 
over  greater  distances,  but  it  is  probable  that  operation  would 
be  improved  if  the  voltage  were  raised.  By  using  boosters  in 
the  station  or  storage  batteries  on  distant  parts  of  the  line,  the 
permissible  limit  of  economical  operation  is  appreciably 
increased.  Most  medium-sized  roads  are  operated  over  a 
radius  of  6  to  8  miles  without  using  alternating-current  energy. 
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14.  High-Voltage  Bus-Bars. — Usually  the  heavier  traffic 
is  confined  to  a  comparatively  small  area,  the  traffic  on  lines 
running  to  remote  points  being  light;  by  raising  the  voltage 
of  the  feeders  running  to  these  distant  sections,  normal  voltage 
at  the  cars  can  be  maintained.  Asstmiing  voltages  of  550 
and  650  to  be  available  at  the  station,  feeders  to  the  near  sec- 
tions could  be  connected  to  the  550-volt  bus-bars  and  the  long 
feeders  of  distant  sections  to  the  650-volt  bus-bars,  thereby 
providing  a  permissible  extra  voltage  drop  of  100  volts.  The 
radius  of  operation  can  thus  be  extended  3  or  4  miles. 

16.  Fig.  6  shows  the  connections  for  both  high-  and  low- 
voltage  bus-bars.  The  negative  terminals  of  compound-wotmd 
generators  1,  2,  and  3  are  connected  to  the  groimd  bus,  while 
each  positive  terminal  is  connected  through  a  main  switch, 
the  shtmt  of  ammeter  A,  and  the  circuit-breaker,  to  the  mid- 
dle of  a  single-pole  double-throw  switch.  By  means  of  this 
switch,  the  positive  side  of  the  generator  can  be  connected  to 
either  the  upper  or  the  lower  bus-bar. 

Generators  1  and  2  are  shown  connected  to  the  lower  bus- 
bar and  operating  in  parallel,  their  equalizing  switches  being 
closed.  Generator  S  is  shown  connected  to  the  upper  bus-bar 
and  its  equalizer  switch  is  open.  Most  standard  railway  gen- 
erators will  generate  650  volts  on  full  series  field;  generator  3 
is  assumed  ,to  generate  650  volts  and  generators  1  and  2, 
550  volts.  Any  machine,  however,  can  be  connected  to  either 
bus-bar.  The  feeders  have  single-pole  double-throw  switches 
for  connection  to  either  bus-bar.  If  feeders  A  and  B  are  supply- 
ing near  sections  or  if  their  loads  are  light,  they  can  be  con- 
nected to  the  550-volt  bus-bar;  feeder  C  on  a  distant  or  heavily 
loaded  section  can  be  thrown  on  to  the  650-volt  bus-bar.  By 
this  arrangement,  a  fairly  uniform  voltage  can  be  maintained 
at  the  cars  imder  widely  varying  load  and  transmission  con- 
ditions. In  Fig.  6,  the  generators  are  shown  equalized  on  the 
negative  side;  this  connection  is  the  prevailing  practice  in  rail- 
way plants.  The  main  and  equalizer  switches  are  motmted 
side  by  side  near  the  machine  and  the  negative  leads  are  car- 
ried directly  to  the  rail  bus-bar. 
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16.  Installation  of  Boosters. — On  sections  distant  from 
the  station,  overcompounding  of  the  generators  may  be  inade- 
quate to  compensate  for  the  feeder  drop;  in  such  cases  boosters 
may  be  used  in  connection  with  the  main  generators  in  order 
to  obtain  high  voltage  at  the  distant  section  of  the  road.  A 
booster  is  a  generator  connected  in  series  with  the  feeder  or 


Fig.  6 

feeders,  the  voltage  of  which  is  to  be  raised,  so  that  the  booster 
voltage  is  added  to  that  of  the  main  generators. 

In  Fig.  7,  a  represents  the  armature  of  a  station  generator, 
and  6,  the  armature  of  a  booster.  Short  feeders  connect  the 
positive  bus-bar  of  the  generator  with  near-by  sections  of  the 
trolley  wire;  the  circuits  of  long  feeders  include  the  booster, 
which  in  this  case  is  assumed  to  generate  200  volts. 
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Railway  boosters  are  generally  of  the  series  type;  that  is, 
the  field  winding  is  in  series  with  the  armature  so  that  the  volt- 
age generated  increases  in  proportion  to  the  booster  current. 
When  the  feeder  load  is  light,  the  booster  voltage  is  low  because 
its  field  is  weak ;  a  heavy  load  increases  the  booster  voltage  and 
compensates  for  the  drop  in  the  boosted  feeders.  This  auto- 
matic voltage  regulation  is  indispensable,  for  were  the  booster 
to  generate  constant  voltage  regardless  of  the  value  of  the  feeder 
current,  then  at  light  loads  with  negligible  line  drop,  the  volt- 
age applied  to  the  cars  would  be  excessive;  this  would  be  a  tax 
on  the  motors  and  would  cause  continuous  trouble  with  lights, 
heaters,  and  other  auxiliary  devices  on  the  cars. 

17.  Street-railway  boosters  are  driven  at  constant  speed, 
generally  by  shtmt-wotmd  motors,  though  other  constant-speed 


Pic.  7 

drive  can  be  used.  Fig.  8  shows  a  booster  set  consisting  of 
a  shimt-woimd  motor  M  coupled  to  a  series-woimd  booster  B. 
Boosters  do  not  differ  in  their  general  construction  from  stand- 
ard generators  except  that  their  commutators  may  be  larger 
owing  to  their  comparatively  large  current  rating.  Recent 
types  of  booster  are  equipped  with  commutating  poles  to  give 
perfect  commutation  without  brush  shifting. 

18«  Booster  Rating. — Booster  output  in  watts  is  the 
product  of  the  booster  amperes  by  the  booster  volts.  If  a 
booster  carries  600  amperes  and  boosts  this  cturent  200  volts, 
the  booster  output  is  600X200=120,000  watts  or  120  kilo- 
watts. A  decrease  of  current  to  300  amperes  would  lower  the 
booster  voltage  to  100  if  the  voltage  varies  directly  with  the 
current,  that  is  in  a  straight  line,  and  the  output  in  this  case 


Digiti 


ized  by  Google 


12 


Digitized  by  LjOOQIC 


§17 


ELECTRIC  RAILWAY  SYSTEMS 


13 


would  be  300X100=30,000  watts  or  30  kilowatts.  At  zero 
booster  current,  the  booster  output  would  be  zero,  but  its 
voltage  would  be  26  or  30  volts  due  to  residual  magnetism. 
Booster  voltage  rarely  varies  in  an  absolutely  straight  Une,  and 
the  amount  by  which  the  variation  departs  from  the  straight- 
line  variation  is  important,  because  too  much  departure  will 
result  in  trouble  with  lamps  and  other  devices  designed  for 
rated  voltage. 
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In  Fig.  9  the  straight  line  shows  voltage  variation  of  a  booster 
in  which  the  change  of  voltage  per  ampere  is  constant.  When 
the  amperes  are  500,  the  booster  voltage  is  400  and  when  the 
amperes  are  250,  the  booster  voltage  is  200;  this  proportion  is 
maintained  over  the  current  range.  A  booster  with  such  a  per- 
fect characteristic  would  cost  a  prohibitive  amoimt  of  money, 
and  such  perfection  is  tinnecessary.  The  curved  line  illustrates 
more  nearly  the  actual  manner  in  which  booster  voltage  varies 
with  the  booster  current.  Here,  at  500  amperes  the  booster 
voltage  is  400  as  before,  but  at  250  amperes  the  voltage  is  240, 
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or  40  volts  high,  and  at  no  point  on  the  curve  does  the  same 
proportion  between  voltage  and  current  exist.  This  variation 
is  satisfactory,  provided  the  departure  is  within  safe  limits, 
which  are  given  in  Table  I. 


TABIiE  I 

BOOSTER    VOLTAGE    VARIATIONS 

• 
FuU-Load  Voltages  of  Boosters  * 

Allowable  Maximum  Variation 

of  Full-Load  Voltage  at 

Partial  Load 

Per  Cent. 

50  to  100 

20 

100  to  150 

15 

150  to  250 

I2i 

250  to  500 

10 

19.  The  rating  of  a  booster  required  for  a  given  case  depends 
on  the  drop  in  the  feeders  to  be  boosted,  but  the  drop  in  the 
trolley-wire  section  is  not  usually  considered  as  there  are  ordi- 
narily but  few  cars  per  section  in  the  outlying  districts.  The 
resistance  of  the  feeder  and  the  maximum  current  to  be  trans- 
mitted are  usually  known  or  may  be  calculated  and  the  size 
of  the  booster  is  determined  by  an  application  of  Ohm's  law. 

Suppose  that  the  feeder  has  a  resistance  of  .3  ohm  and  carries 
a  maximum  current  of  600  amperes.  The  drop  is  600X.3 
=  1.80  volts  and  for  the  same  current  the  drop  will  be  the  same 
whether  the  feeder  voltage  is  boosted  or  not;  therefore,  the 
correct  rating  for  the  booster  in  such  a  case  will  be  600  amperes 
at  180  volts.    The  output  is  then  600X180=  108  kilowatts. 

A  size  foimd  well  adapted  to  average  railway  service  has  an 
output  of  120  kilowatts  or  600  amperes  at  200  volts.  For 
smaller  roads  an  output  of  60  kilowatts  or  600  amperes  at 
100  volts  is  convenient.  To  adapt  boosters  to  a  variety  of  con- 
ditions, it  is  customary  to  provide  the  series-field  winding  with 
taps,  so  that  the  number  of  active  tiuns  can  be  changed  to  suit 
existing  conditions;  or  to  furnish  a  variable  shimt  by  means  of 
which  some  of  the  ciurent  can  be  diverted  from  the  series-field 
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winding.  Where  a  shtint  is  used,  it  should  be  of  the  inductive 
type;  otherwise,  the  booster  is  apt  to  respond  sltiggishly  to 
sudden  changes  in  the  load.  The  objection  to  a  non-inductive 
shtmt  is  that  when  the  current  increases  suddenly,  most  of  the 
increase  at  first  will  pass  through  the  shunt  and  but  little 
through  the  series-field  in  parallel  with  it. 


Pig.  10 

20.  BooBter  Connections. — ^The  connections  of  the 
bcMDSter  are  such  that  the  booster  voltage  is  added  to  that  of 
the  main  generators.  The  booster  negative  terminal  is  con- 
nected to  the  positive  generator  bus-bar,  as  shown  in  Fig.  10. 
The  main  generators  1 ,  2,  and  3  connect  to  the  pjositive  bus-bar. 
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which  connects  to  the  negative  booster  bus-bar  through  a 
switch  a.  Each  feeder  includes  a  double-throw  single-pole 
switch  6,  with  which  to  connect  it  either  to  the  main  positive 
bus-bar  or  to  the  positive  bus-bar  of  the  booster.  As  indicated 
by  the  dotted  lines,  the  long  feeders  A  and  B  are  shown  con- 
nected to  the  booster,  while  the  short  feeder  C  is  connected 
directly  to  the  main  generator  bus-bar.  In  order  that  feeder  C 
will  have  the  same  voltage  impressed  on  it  as  the  feeders  A 
and  B,  the  right-hand  feeder  switch  6  should  be  thrown  to  its 
upper  position.  The  booster  is  driven  by  a  shxmt  motor  oper- 
ated from  the  main  generators  and  equipped  with  ^  circuit- 
breaker  and  starting  rheostat.  The  booster  is  connected  to 
the  booster  bus-bars  through  an  ammeter  A,  circuit-breaker  d, 
and  a  double-pole  main  switch.  The  connections  of  Fig.  10  are 
equivalent  to  those  of  Fig.  7.  All  current  supplied  to  feeders 
A  and  B,  Fig.  10,  passes  through  the  booster  and  the  feeder 
voltage  is  increased  by  an  amount  proportional  to  the  ciurent. 
The  motor  circuit-breaker  should  be  so  arranged  that  on  opening 
it  trips  the  booster  circuit-breaker.  A  simple  way  to  do  this 
is  to  moxmt  the  two  circuit-breakers  d  and  e  side  by  side  and 
interlock  them.  They  should  also  be  so  arranged  that  the 
booster  circuit  cannot  be  closed  until  after  the  motor  has  been 
started.  If  ciurent  were  cut  off  the  motor  but  not  off  the 
booster,  the  latter  would  be  driven  as  a  series  motor  reversed 
in  direction  of  rotation,  because  series  generators  and  motors 
run  in  opposite  directions  for  given  connections. 

21.  At  times,  it  is  desirable  to  use  a  small  550-volt  gen- 
erator as  a  booster.  This  can  be  done  by  connecting  the  arma- 
ture and  series  coil  of  the  generator  in  series  with  the  feeder 
to  be  boosted  and  adjusting  the  excitation  of  the  shimt  coils 
to  that  necessary  to  give  the  desired  electromotive  force.  This 
adjustment  is  sometimes  made  by  connecting  the  shxmt-field 
coils  in  parallel  and  then  connecting  the  group  of  coils  in  parallel 
with  a  length  of  feeder  in  which  the  drop  is  sufficient  to  give  the 
desired  exciting  electromotive  force.  This  makes  the  shimt- 
field  excitation  of  the  booster  proportional  to  the  voltage 
drop  in  the  feeder. 
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22*  Location  of  Booster. — ^The  location  of  the  booster 
is  preferably  in  the  power  station,  where  no  extra  attendant  is 
required;  if  a  motor-driven  booster  is  located  out  on  the  line, 
its  operating  current  must  be  transmitted  from  the  station  and 
the  line  loss  is  therefore  increased.  Boosters  driven  from  some 
other  source  of  power,  such  as  a  steam  or  gas  engine,  are  free 
from  this  objection  but  the  cost  of  attendance  remains. 

23.  Economy  of  Boosters. — ^Booster  practice  represents 
an  excess  of  electric  energy  generated  in  order  that  a  suflBdent 
amotmt  may  reach  the  locality  of  useful  consumption,  and  all 
that  does  not  reach  that  locality  is  wasted;  but  the  real  differ- 
ence in  the  economies  of  boosters  and  of  high-tension  alter- 
nating-current transmission  is  not  so  great  as  the  apparent 
difference.  Boosters  cause  heavy  losses  only  when  the  load 
is  heavy,  and  this  is  a  comparatively  small  part  of  the  total 
time.  With  alternating-current  transmission,  certain  trans- 
forming losses  are  constant  irrespective  of  the  useful  load, 
and  the  annual  cost  of  substation  attendance  may  cause  the 
total  expense  of  losses  and  attendance  to  exceed  those  incident 
to  booster  operation.  Boosters  permit  line  extensions  with- 
out expensive  changes  in  station  equipment  or  excessive  out- 
lay for  copper.  These  advantages  are  more  fully  realized  if 
storage  batteries  are  installed  out  on  the  Une.  The  battery 
will  charge  from  the  booster  when  the  load  is  light  and  dis- 
diarge  when  it  is  heavy,  thereby  keeping  a  fairly  tmiform  load 
on  the  feeder  and  working  it  to  best  advantage. 

The  annual  cost  of  operation,  under  certain  conditions,  with 
boosters  may  be  less  than  that  with  alternating-current  trans- 
mission. The  system  to  adopt  can  be  decided  only  by  com- 
paring their  costs  of  operation.  There  are  roads  on  which  cars 
are  operated  over  a  radius  exceeding  20  miles  witti  the  aid  of 
boosters  and  storage  batteries;  these  roads  give  satisfactory 
service,  are  as  economical  in  operation  as  similar  roads  for 
which  alternating-current  transmission  is  used,  and  are  less 
liable  to  interruptions  from  breakdowns  that  characterize  trans- 
forming appliances  necessary  with  alternating-current  trans- 
mission and  direct-current  distribution. 

2W-3 
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24.  Storage-Battery  Auxiliaries. — On  systems  depen- 
dent entirely  on  direct  current,  the  storage-battery  auxiliary 
may  be  in  the  form  of  a  portable  substation,  which  is  a  motor- 
driven  car  loaded  with  batteries  and  which  can  be  used  where 
most  needed ;  or  it  may  be  in  the  form  of  a  permanently  located 
battery  that  floats  on  the  line.  In  the  first  case,  the  batteries 
are  charged  from  the  line  during  the  periods  of  light  load  and 
then  dicharged  into  the  line  when  help  is  required  on  heavy 
loads.  The  disadvantage  of  this  system  is  that  it  requires  an 
attendant  during  the  charging  period,  tmless  the  charging  is 
done  at  the  station.  The  advantage  of  the  system  is  that  the 
car  can  be  placed  at  the  point  where  it  is  most  needed  and 
thereby  meet  overload  shifts  due  to  attractions  at  different 
terminals. 

25.  A  floating  battery  is  connected  permanently  across 
trolley  and  groxmd  on  some  distant  line  section  and,  by  prop- 
erly proportioning  the  number  of  cells  connected  in  series, 
charge  and  discharge  currents  may  be  made  approximately 
the  same.  The  automatic  operation  of  the  set  depends  on  the 
drop  in  the  line.  A  heavy  load  on  the  line  causes  sufficient 
line  drop  to  allow  the  battery  to  discharge  and  help  the  sta- 
tion; when  the  line  load  is  light,  the  line  drop  is  small  and  the 
line  voltage  at  the  battery  is  sufficient  to  charge  the  battery. 


ALTERNATINO-CUBRENT  GENERATION  AND  DIRECT-CURRENT 

SUPPLY 

26.  Electric  energy  can  be  economically  transmitted  at 
greater  distance  by  alternating  current  than  by  direct  current, 
and  is  more  economically  generated  in  one  large  station  than  in 
several  small  ones.  Therefore,  where  many  cars  are  to  be 
operated  by  direct  current  over  a  large  area,  it  is  the  practice 
to  concentrate  generation  in  one  or  two  large  stations  equipped 
with  polyphase  alternators  and  transformers  and  to  transmit 
the  energy  to  centrally  located  substations  equipped  with  trans- 
formers and  rotary  converters  or  motor-generators,  which 
supply  direct-current  energy  of  the  desired  voltage  to  the  cars. 
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In  the  main  station,  the 
alternators  are  of  the  rotary- 
field  type,  because  this  con- 
struction places  the  high- 
voltage,  conductors  on  the 
stator  of  the  machines  which 
affords  more  room  for  insula- 
tion and  effective  ventilation. 
In  the  substations,  six-phase 
converters  are  often  used  be- 
cause their  capacity  is  nearly 
twice  that  of  an  ordinary 
generator  of  the  same  weight. 
Where  considerable  direct- 
current  energy  is  required 
near  the  main  station,  a  sub- 
station is  frequently  installed 
in  the  same  building. 

27.  600-Volt    Supply. 

Fig.  11  shows  the  general 
features  of  the  electric-energy 
distribution  system  of  a  large 
railway  system.  Alternat- 
ing-current energy  is  gener- 
ated in  a  main  station,  the 
voltage  raised  by  transform- 
ers for  the  transmission  lines, 
and  the  energy  transmitted 
to  substations  where  trans- 
formers and  rotary  converters 
supply  direct-current  energy 
to  the  cars  at  approximately 
600  volts. 

28.  1, 200- to  1,500- 
Volt  Supply. — In  order  to 
transmit  direct-current 
energy  economically  over 
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very  considerable  distances,  the  voltage  of  the  direct-current 
supply  lines  in  some  systems  is  1,200  volts  or  more.  The 
development  of  the  direct-current  commutating-pole  motor, 
which  allows  a  high  electromotive  force  to  be  impressed  safely  on 
its  terminals,  made  possible  the  successful  development  of  the 
1,200- volt  system.  Thishigh-tensionsystemisespeciallyadapted 
for  extensions  to  600- volt  systems  and  for  interurban  roads. 
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29.  Fig.  12  shows  the  more  important  connections  of  a  sub- 
station designed  to  supply  direct-current  energy  at  1,200  volts. 
The  two  rotary  converters  are  supplied  with  alternating-current 
energy  from  two  separate  secondaries  of  the  transformer,  in 
order  to  prevent  circulation  of  current  between  the  alternating- 
current  ends,  which  might  occur  if  both  rotaries  were  connected 
to  one  secondary.  The  direct-current  ends  of  the  two  rotaries 
are  connected  in  series  to  produce  the  1,200  volts  required. 
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In  some  cases,  one  or  more  1,200- volt  rotaries  are  used  instead 
of  sets  consisting  of  two  600-volt  rotaries  in  series.  Motor- 
generator  sets  are  also  used  in  some  systems.  The  motor  drives 
either  two  600-volt  direct-current  generators  connected  in  series 
or  one  1,200-volt  generator.  If  there  are  foiu*  motors  on  a  car, 
two  groups  are  formed,  each  of  two  motors  connected  per- 
nMmently  in  series.  For  low  speeds  the  groups  are  connected 
in  series,  and  for  high  speeds  the  groups  are  connected  in  par- 
allel by  means  of  the  control  apparatus  on  the  car.  A  maximum 
electromotive  force  of  about  600  volts  is  impressed  across  the 
terminals  of  each  motor.  Motors  have  been  developed  intended 
for  an  impressed  electromotive  force  of  1,200  volts  on  their 
terminals. 

Current  collection  by  trolley  wire  is  tisually  employed  in  these 
high-tension  systems,  but  the  third-rail  method  has  also  been 
used  successfully. 

30.  2,400-Volt  Supply.— In  the  2,400-volt,  direct-cur- 
rent,  supply  system,  motor-generator  sets  in  the  substation  are 
used.  An  alternating-current  motor  drives  two  1,200-volt, 
direct-current  generators,  which  are  connected  in  series. 

The  locomotives  are  equipped  with  four  1,200-volt  motors. 
For  low  speed  the  four  motors  are  in  series,  and  for  high  speed 
the  motors  are  arranged  in  two  pair  so  that  only  two  motors 
are  in  series  across  the  2,400-volt  circuit  in  each  current  path. 

31.  Portable  Substation. — On  large  railway  systems, 
events  are  likely  to  occur  that  attract  tmusual  travel  in  certain 
directions  at  irregular  intervals.  It  is  not  often  advisable  to 
install  direct-current  feeders  to  meet  these  temporary  con- 
ditions, but  the  application  of  a  portable  substation  consisting 
of  a  rotary  converter  and  its  auxiliary  apparatus,  a  motor-gen- 
erator, or  a  storage  battery  will  often  solve  the  problem. 

The  necessary  apparatus  is  mounted  on  a  car,  moved  to  a 
central  position  on  the  loaded  section,  and  connected  to  the 
alternating-current  and  direct-current  feeders  if  a  rotary  or 
motor-generator  is  used,  or  if  a  storage  battery  is  used,  it  is 
connected  across  the  direct-current  feeder  or  trolley  circuit. 
In  some  cases,  the  transformer  and  high-tension  switches  are. 
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mounted  on  a  steel  tower  erected  near  the  car.  By  this  means, 
the  temporary  load  may  be  carried  satisfactorily  with  little 
if  any  change  in  the  regular  energy  distribution  system.  It 
may  be  necessary  to  run  an  alternating-current  feeder  circuit 
to  the  portable  converter  substation,  but  the  circuit  wires  would 
be  comparatively  small. 

INDEPENDENT    ENERGY    SYSTEMS    • 

32.  Storage-Battery  Cars. — Improvements  in  both  the 
lead  storage  cell  and  the  Edison  storage  cell  and  in  the  con- 
struction of  the  cars  on  which  a  battery  is  installed  for  motive 
purposes  have  adapted  storage-battery  cars  for  special  classes 
of  railway  service,  among  which  are:  (1)  Steam-road  branch 
lines  in  subtirban  service  and  in  local  service  where  the  popula- 
tion is  sparse.  (2)  At  steam-road  terminals  in  the  larger  cities 
and  in  timnels  to  avoid  the  smoke  nuisance.  (3)  For  construc- 
tion and  emergency  cars  on  lines  on  which  breakdowns  may  be 
such  as  to  interrupt  the  energy  transmission  lines.  (4)  As 
"trippers"  to  be  charged  diuing  hours  of  comparatively  light 
station  load  and  to  be  operated  during  morning  and  evening 
rush  hours.  (5)  As  "night  hawks"  to  be  operated  at  night, 
thereby  permitting  the  power  station  to  be  shut  down.  (6)  On 
new  extensions  of  all  kinds  to  develop  traffic.  (7)  In  small 
towns  of.  7,500  inhabitants  and  more.  (8)  As  independent 
railways  of  light  construction  to  serve  agricultural  interests 
as  feeders  to  standard  steam  trunk  lines. 

33.  The  storage  battery  that  furnishes  energy  for  pro- 
pulsion can  be  charged  while  in  position  on  the  car  or  after 
removal;  in  the  latter  case,  another  battery  is  substituted  if 
the  car  is  to  continue  in  service.  The  car  is  usually  able  to 
travel  from  80  to  100  miles  on  a  single  charge.  The  voltage 
of  the  battery  depends  on  the  kind  and  number  of  cells  con- 
nected in  series;  in  some  cars  88  lead  cells  in  series  are  tised 
and  the  discharge  is  at  an  average  voltage  of  173.  As  the  car 
carries  its  own  source  of  electric  energy,  it  can  be  operated  over 
any  tracks  of  suitable  gauge  independent  of  feeder  or  trolley 
installation.    The  control  apparatus  on  the  car  serves  to  vary 
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the  portion  of  the  battery  electromotive  force  that  is  applied 
to  the  motors  in  such  manner  as  to  start  and  to  regulate  the 
car  speed,  as  explained  in  another  Section. 

34.  Gasoline-Electric  Cars. — ^A  gasoline-electric  car  is 
equipped  with  a  gasoline  engine  mechanically  connected  to  a 
direct-current  generator,  which  in  turn  is  electrically  con- 
nected through  speed-control  apparatus  to  motors  used  for 
propelling  the  car.  This  type  of  car  was  developed  to  provide 
frequent  single-car  service  on  short  railroad  lines  and  to  replace 
trains  operated  by  steam  locomotives  at  infrequent  intervals. 
The  operation  of  the  speed  control  for  these  cars  is  explained 
in  another  Section.  

ALTERNATING-CURRENT  RAILWAY 
SYSTEMS 


ENERGY  DISTRrBUnON  SYSTEMS  FOR  ALTER- 
NATING-CURBENT  OPERATION 


SINGLE-PHASE    GENERATION    AND   SUPPLY 

36.  The  development  of  a  successful  single-phase  alter- 
nating-current, railway  motor,  lead  to  the  construction  of  many 
electric-railway  systems  in  which  alternating-current  is  gen- 
erated in  the  stations  and  utilized  to  propel  the  cars.  In  the 
United  States,  the  development  has  been  mostly  on  the  single- 
phase  system  using  a  series-woimd  commutator  motor. 

Single-phase  generators  may  be  installed  at  the  power  sta- 
tion, but  three-phase  generators  are  often  employed;  only  one 
or  two  of  the  windings  are  however  used  to  supply  energy  for 
car  propulsion.  All  three  phases  of  these  generators  are,  in 
some  cases,  used  to  supply  energy  to  the  railway  shops. 

In  some  systems,  transformer  substations  are  installed,  as 
indicated  in  Fig.  13,  to  reduce  the  transmission  Une  voltage  to 
that  desired  for  the  trolley  system.  In  other  systems,  the 
voltage  of  the  high-tension  generators  is  appUed  through  feeders 
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to  the  trolley  and  rail  with- 
out transformation  of  any 
kind,  as  indicated  in  Fig.  14. 
Various  voltages  between 
trolley  and  rail  have  been 
employed  on  alternating- 
current  roads.  Among  these 
values  are  11,000  volts  and 
6,600  volts.  A  transformer 
on  the  car  reduces  the  volt- 
age to  that  suitable  for  the 
motors.  The  trolley  sys- 
tem of  current  collection  is 
usually  employed.  The 
trolley  wire  is  installed  with 
particular  attention  to  its 
insulation  and  the  high- 
speed service  to  which  it  is 
subjected. 


THBEE-PHASE  GENERATION 
AND    SUPPLY 

36.  The  use  of  three- 
phase  railway  motors  is  rare 
in  the  United  States.  It  is 
customary  in  systems  of 
this  kind  to  install  two  trol- 
ley wires  over  each  track 
and  to  use  the  track  rails 
for  the  third  conductor  of 
the  three-phase  energy- 
supply  system,  as  indicated 
in  Fig.- 15. 

In  one  installation  of  this 
kind,  three-phase  energy  is 
generated  at  the  station  and 
the  voltage  stepped  up  by 
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transformers  for  transmission  to  the  substation.  The  trans- 
formers there  installed  reduce  the  voltage  of  the  energy  for  the 
trolley  and  rail  supply  to  6,600  volts.  Three-phase  transformers 
on  the  locomotive  further  reduce  the  voltage  to  a  value  suitable 
for  the  three-phase  induction  motors,  approximately  500  volts. 
Taps  at  different  points  on  the  secondaries  of  the  transformers 
and  adjustable  resistances  in  the  rotor  circuits  of  the  motors 
serve  to  start  the  motors  without  taking  excessive  current  from 
the  supply  system.  The  motors  nm,  however,  at  approxi- 
mately constant  speed  for  all  loads  and  grades. 

Motors  of  this  kind  are  better  fitted  for  railroad  work  in 
which  infrequent  stops  are  made  and  the  speed  desired  is  nearly 
constant,  as  they  are  essentially  constant-speed  motors. 

Two  or  more  speeds  may  be  obtained  from  three-phase  induc- 
tion motors  by  changing  the  connections  of  the  coils  on  the 
stators  so  as  to  produce  a  different  number  of  poles,  and  by 
the  cascade  system  of  connecting  two  motors.  In  the  cascade 
system,  the  rotors  of  the  two  motors  are  provided  with  wind- 
ings connected  to  slip  rings.  The  stator  of  No.  1  motor  is 
connected  to  the  three-phase  line  wires;  the  rotor  of  this 
motor  is  connected  to  the  stator  of  the  No.  2  motor,  the  rotor 
of  which  is  connected  to  Y-connected  resistors.  The  combina- 
tion will  run  at  such  speed  that  the  frequency  of  the  current  in 
the  No.  1  rotor  is  of  the  proper  value  to  drive  the  rotor  of  the 
No.  2  motor  at  the  combination  speed.  Both  motors  must 
rotate  at  the  same  speed  if  they  are  connected  to  the  same  size 
of  driving  wheels.  If  the  motors  have  the  same  number  of 
poles,  the  combination  speed  is  about  half  the  speed  of  each 
motor  when  connected  separately  to  the  line  wires. 
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ENERGY  CALCULATIONS 


GENERAL  CONSIDERATION 

37.  The  station-generator  capacity  required  to  support  a 
given  schedule  on  a  given  road  depends  on  the  ntmiber  of  cars 
and  their  scbedtile  speed,  the  weight  per  car,  topography  of  the 
road,  character  of  traffic,  and  manner  of  handling  equipment, 
and  the  condition  of  the  line  and  of  the  track  return.  In  new 
developments  it  is  fair  to  assume  that  the  condition  of  line 
and  of  track  return  is  good.  On  large  systems,  it  is  usual  to 
assume  that  the  saving  of  power  due  to  cars  coasting  down 
grades  offsets  the  extra  power  demand  of  cars  ascending  grades. 
On  small  systems,  however,  where  the  average  and  maximum 
demands  on  the  station  are  so  widely  different,  the  accelera- 
tion of  one  loaded  car  on  a  grade  may  easily  treble  the  existing 
current  demand  on  the  station. 

The  maximum  demand,  hence  maximum  capacity,  of  a  sta- 
tion can  be  greatly  reduced  by  the  installation  of  current- 
limiting  devices  upon  the  cars  and  by  the  enforcement  of  a  rule 
requiring  cars  to  be  operated  up  grades  on  the  series-notches 
of  the  controllers. 

On  a  small  road  the  energy  required  for  lighting  cars  is  incon- 
siderable, but  on  all  roads  the  energy  consumed  by  electric 
heaters  may  exceed  20  per  cent,  of  the  total  energy  required, 
because  the  heaters  draw  current  continuously  while  the  motors 
do  not.  The  probability  of  snow  equipment  being  in  operation 
at  the  same  time  as  schedule  cars  must  also  be  considered. 

A  relation  that  works  out  satisfactorily  on  large  and  average- 
sized  roads  is  that,  assuming  25  per  cent,  of  the  station  output 
to  be  consumed  in  transmission  and  conversion,  the  total  kilo- 
watt capacity  of  the  station  must  equal  the  total  horsepower 
capacity  of  all  car  motors  likely  to  be  in  operation  at  the  same 
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time;  to  this,  assuming  that  the  summer  and  winter  schedules 
are  the  same,  must  be  added  the  extra  capacity  required  by 
electric  heaters. 

Car  speeds  are  largely  fixed  by  the  character  of  the  service. 
City  cars  may  not  average  more  than  10  miles  per  hour,  while 
interurban  cars  may  average  40  to  60  miles  per  hour,  according 
to  the  number  of  stops.  The  number  of  cars  required  depend 
on  the  length  of  line,  frequency  of  service  and  schedule  speed. 
To  determine  the  best  schedule  speed  and  frequency  of  service 
for  any  proposed  road  requires  a  close  study  of  dependent  con- 
ditions, such  as  probable  traffic  and  returns  therefrom,  com- 
petition, etc.  In  all  cases,  traffic  estimates  should  consider 
traffic  growth. 

PASSENGER  FACTOR  AND  LENGTH  OF  TRACK 

38.  The  length  of  the  proposed  road  depends  largely  on 
the  population  to  be  served  and  its  distribution.  The  curves 
in  Fig.  16  show  what  may  generally  be  expected;  they  are 
plotted  from  data  obtained  under  average  conditions  in  cities 
and  towns.  The  curve  ntiarked  passenger  factor  p  shows 
approximately  the  number  of  rides  to  be  expected  each  year 
per  inhabitant  of  the  territory  to  be  served  by  the  system. 
This  includes  the  center  of  population  and  the  suburban  sec- 
tions reached  by  the  road.  With  a  population  of  1,500,000, 
for  example,  there  may  be  expected  a  passenger  factor  of  240. 
With  a  population  of  250,000,  the  passenger  factor  expected 
is  190. 

The  curve  marked  track  factor  t  shows  the  ntimber  of  miles 
of  single  track  to  each  1,000  inhabitants.  With  a  population 
of  375,000,  the  nules  of  single  track  for  each  1,000  inhabitants 
is  .61  mile,  approximately.  With  a  population  of  1,500,000, 
the  track  factor  is  .49,  approximately. 

Let  /  =  length  of  single  track,  in  miles; 

n  =  population  to  be  served,  say  10  years  from  time  of 

building  road ; 

t= track  factor. 

Then,  1=--    - 

1,000 


Digitized  by  LjOOQIC 


§17 


ELECTRIC  RAILWAY  SYSTEMS 


2d 


For  example,  if  the  population  of  a  territory  in  10  years  will 
be  1,000,000  and  the  track  factor  /,  Fig.  16,  is  .51,  the  length  of 


.28 


.60  .76  100 

MUHonM  of  JPoputaHon 

Fig.  16 


1.26 


single  track  required  to  serve  this  population  is  I = 
=  510  miles. 


1,000,000X.51 
1,000 


NUMBER  OF  CARS 

39.  Knowing  the  number  of  contributing  inhabitants,  the 
fare  per  ride,  and  the  probable  ntmiber  of  rides  each  year  per 
inhabitant.  Fig.  16,  the  annual  income  in  dollars  can  be  com- 
puted. The  average  income  for  each  car  per  nule  of  nm,  or 
as  it  is  expressed  per  car-mile,  is  21.56  cents  on  seventeen  rep- 
resentative New  York  State  roads;  and  the  income  on  sixteen 


Digiti 


ized  by  Google 


30  ELECTRIC  RAILWAY  SYSTEMS  §  17 

roads  in  various  portions  of  the  country  is  27.31  cents  per  car- 
mile.  Call  the  average  for  the  thirty-three  roads  24  cents. 
If  the  estimated  annual  income  of  the  proposed  road  is  divided 
by  an  assumed  income  per  car-mile,  the  result  will  be  the  num- 
ber of  car-miles  that  must  be  made  in  a  year  to  realize  the 
estimated  income;  this,  divided  by  the  total  number  of  hours 
that  cars  must  run  each  year,  gives  the  necessary  number  of 
car-miles  each  hour;  and  this  divided  by  the  schedule  speed, 
in  miles  per  hour,  gives  the  number  of  cars  required. 

The  annual  income  is  equal  to  the  product  of  the  contributing 
population,  n;  the  passenger  factor  p.  Fig.  16;  and  the  single 
fare,  /,  expressed  in  dollars.  The  ntmiber  of  cars  c  required 
is  equal  to  the  total  annual  income  n  pj  divided  by  the  product 
of  365  (the  days  in  a  year);  the  operating  hours  per  day,  \i\ 
the  schedule  car  speed  in  miles  per  hour,  v;  and  the  income  per 
car-mile,  r,  expressed  in  dollars. 

366  fe  V  r 

Example. — ^The  following  estimates  are  made  for  a  proposed  railway 
system  to  serve  a  population  of  250,000:  The  single  fare  is  to  be  5  cents; 
the  cars  are  to  operate,  19  hours  a  day  at  an  average  speed  of  10  miles  per 
hour;  and  the  income  per  car-mile  is  estimated  as  24  cents.  How  many 
cars  are  required? 

Solution. — The  passenger  factor  ^,  Pig.  16,  for  the  population  n  of 
250,000  is  190; /  is  $.05;  A  is  19  hr. ;  »  is  10  mi.  per  hr. ;  and  r  is  $.24.  The 
number  of  cars 

250,000X190X.05 


365X19X10X.24 


=  143  cars.    Ans. 


SIZE  AND  WEIGHT  OF  CARS 


SIZE 

40.  The  size  of  the  cars  to  be  used  on  any  one  continuous 
line  of  a  railway  system  depends  on  the  number  of  passengers 
to  be  transported  each  day  on  that  line  and  the  ntimber  of  cars 
available  for  the  service.  An  approximate  estimate  of  the  pas- 
senger capacity  of  any  one  of  these  cars  may  be  made  as 
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follows :  The  estimated  number  of  passengers  per  day  divided  by 
the  number  of  cars  on  the  line  gives  the  passengers  per  car  per 
day.  The  schedule  speed  in  miles  per  hour  multiplied  by  the 
number  of  hours'  operation  of  the  car  each  day  gives  the  total 
distance  that  the  car  travels  diuing  the  day;  and  this  divided 
by  the  length  of  the  line  gives  the  ntmiber  of  single  trips  made 
each  day  by  the  car.  The  average  ntmiber  of  passengers  per 
trip  is  equal  to  the  number  per  day  divided  by  the  ntmiber  of 
trips  made  by  the  car.  The  average  ride  of  a  passenger  in 
city  work  is  estimated  as  3  miles;  therefore,  the  capacity  of  the 
car  may  be  considered  as  equal  to  the  passengers  per  trip 
divided  by  one-third  of  the  number  of  miles  length  of  the  line. 


CAR  wEionrre 

41.  The  weight  of  cars  depends  on  the  nature  of  the  traffic 
in  which  they  are  engaged.  Interurban  cars  are  heavier  than 
city  cars  and  frequently  approach  in  size  and  weight  those 
tised  on  steam  roads.  Many  complete  double-truck  trolley  cars 
of  older  design  but  now  in  service  weigh  about  1,000  poimds 
per  seated  passenger  and  single-truck  trolley  cars  about 
800  poimds.  Some  of  the  more  recent  interurban  cars  weigh 
as  low  as  900  pounds,  but  most  of  them  average  about 
1,250  potmds  per  seated  passenger.  The  weight  of  ordinary 
trolley  cars  has  been  reduced  25  per  cent. 

These  figures  are,  of  coiu"se,  only  approximately  correct, 
because  the  weight  of  trucks,  car  bodies,  motors,  and  auxiliary 
devices  vary  greatly. 

To  the  dead  weight  of  the  car  should  be  added  the  live  weight 
of  the  passengers  estimated  as  150  potmds  per  passenger.  The 
live  weight  seldom  exceeds  10  or  15  per  cent,  of  the  dead  weight. 


TRACTIVE-EFFORT  FORMULAS 

42.  The  following  formtilas  for  calculating  the  tractive 
force  required  by  electric  cars  are  only  of  approximate  accuracy 
because  of  the  many  factors  that  modify  the  running  conditions, 
among  which  are  the  conditions  of  the  running  gear,  the  road- 
bed, the  wind,  and  the  weather. 


Digiti 


ized  by  Google 


52  ELECTRIC  RAILWAY  SYSTEMS  §  17 

43.  Tractive  effort,  or  tractive  force,  refers  to  the  force 
applied  to  a  car  to  Jceep  it  in  motion.  On  motor-driven  cars 
this  force  is  applied  at  the  rim  of  the  wheel.  The  resistance  to 
motion,  which  the  tractive  effort  must  overcome,  is  due  to  four 
causes:  Train  resistance,  which  includes  the  resistances  due 
to  bearing  friction,  rolling  friction,  flange  friction,  and  wind 
pressure;  grades,  which  require  that  the  car  or  train  be  lifted 
gradually  at  a  rate  depending  on  the  steepness  of  the  grade; 
curves,  which  increase  the  flange  friction;  acceleration,  because 
all  bodies  at  rest  or  in  a  certain  condition  of  motion  resist  any 
effort  to  change  that  condition,  therefore  force  must  be  used  to 
overcome  this  resistance. 

44.  Train  Resistance. — ^Were  it  not  for  train  resistance, 
a  car  once  in  motion  at  a  certain  speed  on  a  straight,  level, 
rigid  track  would  stay  in  motion  without  decrease  of  speed  and 
without  application  of  any  force.  All  train-resistance  formulas 
assimie  good  condition  of  track  and  bearings  and  freedom  from 
wind  pressure,  except  that  due  to  the  train  motion. 

Let   rr= train  resistance,  or  its  equivalent,  the  tractive  effort 
required  to  overcome  it,  in  potmds; 
tt;= weight  of  car,  in  tons; 
t;=car  speed,  in  nules  per  hour; 
5= number  of  square  feet  of  head-end  surface  area  of 
car. 

The  first  two  elements  of  the  right-hand  side  of  the  formula 
relate  to  the  mechanical  friction;  the  last  element  relates  to  the 
air  friction. 

Example. — What  is  the  tractive  eflfort  required  to  overcome  the  train 
resistance  of  a  16-ton  car  operating  at  16  miles  per  hour  on  straight  level 
track,  the  head  end  area  of  the  car  being  80  square  feet? 

Solution. — Here  i£;=16  tons;  »=16  mi.  per  hr.;  and  5=80  sq.  ft. 
Substituting  these  values  in  the  formula,  gives 

^      _       _     16X16  .  80X16X16    ^^,  ,^      ^ 
rr  =  50X>/l6-f-— --f "^ =261  lb.    Ans. 
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46.  Effect  of  Grades. — When  a  car  is  traveling  a  1-per- 
cent., a  2-per-cent.,  or  a  3-per-cent.  grade,  the  car  is  lifted  ver- 
tically 1,  2,  or  3  feet,  respectively,  for  every  100  feet  of  distance 
travded  along  the  track.  For  the  comparatively  small  grades 
usually  met  in  railway  practice,  it  is  sufficiently  accurate  to 
consider  the  100-foot  section  as  measured  along  the  rail,  because 
the  horizontal  distance  moved  over,  on  which  the  percentage  of 
grade  is  really  based,  is  practically  the  same  as  the  rail  distance. 

Any  body  on  a  grade  has  a  tendency  to  move  down  the  grade 
and,  neglecting  friction,  a  force  must  be  applied  to  the  body  in 
a  direction  parallel  to  the  rail  to  overcome  this  tendency.  This 
force  depends  on  the  weight  of  the  body  and  the  grades.  For 
small  grades,  the  force  is  one  one-hundredth  of  the  weight  of 
the  body  for  every  per  cent,  grade. 

Assuming  a  weight  of  1  ton,  or  2,000  pounds,  and  a  grade  of 
1  per  cent.,  the  force  acting  parallel  to  the  rail  is  2,000 Xyirr 
=  20  poimds.  The  work  done  by  a  force  of  20  poimds  acting 
through  a  distance  of  100  feet  is  equivalent  to  the  force  of 
2,000  poimds  acting  through  a  vertical  distance  of  1  foot,  which 
is  the  distance  that  the  body  rises  for  every  100  feet  of  rail  at 
1-per-cent.  grade. 

The  extra  tractive  effort  Tg,  required  on  accoimt  of  the  grade 
of  the  tracks,  is  equal  to  20  potmds  for  each  ton  of  weight  and 
for  each  per  cent,  grade. 

Let  tt;=weight  of  car,  in  tons; 

g=per  cent,  grade,  expressed  as  a  whole  ntmiber. 

Then,  r^=20ti;g 

Example. — What  is  the  extra  tractive  effort  required  to  force  a  16-ton 
car  up  a  3-per-ceiit.  grade? 

Solution. — ^In  the  formula  w  =  16  and  g =3. 

r|,  =  20Xl6X3=-9601b.    Ans. 

46.  Effect  of  Curves. — ^When  a  car  is  passing  around  a 
curve,  the  flanges  of  the  wheels  rub  against  the  side  of  the  rail 
head,  thus  causing  friction  and  thereby  increasing  the  neces- 
sary tractive  effort  over  that  required  to  overcome  train  resis- 
tance and  grade.    Curves  are  usually  estimated  to  add  to  the 

260—4 
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tractive  effort  i  pound  per  ton  of  train  weight  for  each  degree 
of  curvature.  The  degree  of  curvature  of  a  railway  curve  is 
the  angle  of  an  arc  of  that  curve  between  two  points  100  feet 
apart. 

If  c= number  of  degrees  curvature; 
tt;= weight  of  train,  in  tons; 

rc= extra  tractive  effort  required  to  overcome  resistance  of 
curve,  in  poimds. 

Then,  r.=^ 

2 

Example. — ^What  is  the  extra  tractive  effort  required  to  force  a  16-ton 
car  around  a  3°  curve? 

Solution. — In  the  formula  w=16  and  c=3;  therefore, 

1ft  v^ 
Tc*— ^-  =  241b.    Ans. 

47.  Acceleration. — So  far,  uniform  car  motion  has  been 
assumed.  It  takes  more  energy  to  start  a  car  than  it  takes  to 
keep  it  moving  at  the  speed  acquired.  Car-motor  capacity- 
based  on  assumptions  of  uniform  motion  will  be  insuflBdent 
tmless  the  station  stops  are  very  infrequent.  To  start  a  car 
from  rest  and  accelerate  it  to  a  given  speed,  energy  must  be 
expended  in  excess  of  that  required  to  balance  train  resistance 
and  the  resistances  of  grades  and  curves;  this  extra  energy  is 
stored  in  the  car  by  virtue  of  its  weight  and  motion  and  it  must 
be  dissipated  as  heat  when  the  car  is  stopped  with  the  brakes. 
The  extra  tractive  effort  required  to  accelerate  a  car  depends  on 
the  weight  of  the  car  and  on  the  rate  at  which  it  is  accelerated. 
In  car-operation  problems,  the  rate  of  speed  increase  (accelera- 
tion) or  speed  decrease  (retardation  or  deceleration)  is  expressed 
in  miles  per  hour  per  second.  For  example,  an  acceleration 
of  1{  miles  per  hour  per  second,  means  that  diuing  each  second, 
the  car  speed  is  increased  IJ  miles  per  hour;  a  car  started  from 
rest  will,  at  the  end  of  the  first  second,  be  moving  at  the  rate  of 
11  nules  per  hour;  at  the  end  of  the  second  second,  2J  miles 
per  hour,  and  so  on.  Again,  if  it  takes  a  car  16  seconds  to 
accelerate  from  rest  to  a  speed  of  16  miles  per  hour,  its  accel- 
eration will  be  1  mile  per  hour  per  second. 
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In  general,  if  the  difference  in  the  two  speeds,  expressed  in 
miles  per  hour,  is  divided  by  the  seconds  taken  to  accelerate 
from  one  speed  to  the  other,  the  quotient  is  the  average  accelera- 
tion in  miles  per  hour  per  second. 

If  a = acceleration,  in  miles  per  hour  per  second; 

tt;=weight  of  the  train,  in  tons; 

ra= extra   tractive   effort   required   for   acceleration,    in 
potmds. 
Then,  Ta^lOOwa 

ExAMPLB. — ^What  is  the  extra  tractive  effort  required  to  accelerate  a 
16-ton  car  from  rest  to  a  speed  of  16  miles  per  hour  at  the  rate  of  1  mile 
per  hour  per  second? 

Solution. — ^In  the  formula  w = 16  and  a  » 1 ;  therefore,  r«  =  100  X 16X1 
-1,6001b.    Ans. 

48«  Total  Tractive  Effort. — ^The  total  tractive  efifort  T, 
taking  into  consideration  the  resistances  offered  by  train  resis- 
tance, grades,  curves,  and  acceleration,  may  be  expressed  by  a 
formula  combining  the  right-hand  members  of  the  formulas  in 
Arts.  44  to  47. 

T^50AJiu+— +—+20  wg+— +100  w  a 
^       25     400  2 

substituting  the  values  of  Tr,  Tgy  Tc,  and  Ta  in  the  examples 

under    the    preceding    formulas,    r  =  26H-960  +  24  +  l,600 

=  2,845  pounds. 

This  is  the  total  tractive  effort  required  to  accelerate  a  16-ton 

car  at  the  rate  of  1  mile  per  hour  per  second  on  a  3-per-cent. 

grade  and  in  a  3**  curve.    This  is  a  possible  condition.    With 

w  c 
a  straight  level  track  20  wg-i will  become  zero  and  the 

total  tractive  effort  required  to  accelerate  the  car  against  train 
resistance  and  inertia  will  be  7=261+1,600=1,861  pounds. 

49.  Tractive  Effort  Per  Ton. — If  the  tractive  effort  per 
ton  is  desired,  the  right-hand  members  of  the  formulas  for  Tr, 
Tg,  Tc,  Ta,  and  T  should  be  divided  by  «;,  the  weight  in  tons 
of  the  car.  Thus,  in  the  example  in  Art.  44  the  tractive  effort 
per  ton  U  required  to  overcome  train  resistance  is 
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\w    25    400  w 
=  16  pounds,  approximately  (1) 

The  combined  tractive  effort  per  ton,  Art.  48,  is 

,=  ^+l+^+20g+^-+100a  (2) 

^Jw    25    400tt;  2 

Substituting  the  values  given  in  the  examples,  t  =»  12^ + H+'*^ 
+60+i+100=  178  pounds. 

60.  Limit  of  Adhesion.— rThe  pressure  of  the  brake 
shoes  against  the  car  wheels  tends  to  stop  their  rotating,  but 
the  pressure  of  the  car  wheels  on  the  rails  tends  to  keep  the 
wheels  rolling;  the  most  effective  pressure  will  prevail.  This 
means,  that,  when  braking,  if  the  braking  pressure  is  excessive, 
the  car  wheels  will  stop  rotating,  but  the  car  will  still  move; 
also,  when  accelerating,  if  the  tractive  effort  tending  to  rotate 
the  wheels  exceeds  the  tendency  of  the  wheel-rail  friction, 
called  adhesion^  to  prevent  wheel  slippage,  the  wheels  will  rotate, 
but  the  car  may  not  move.  The  rate  at  which  a  car  can  be 
accelerated,  or  the  steepness  of  the  grade  that  it  can  ascend, 
is  limited  by  the  rail-wheel  adhesion,  which  depends  on  the 
weight  on  the  drivers  and  on  the  coefficient  of  friction  between 
wheel  and  rail.  The  latter  is  lower  for  street  railways,  where 
the  rails  are  liable  to  be  dirty  and  slippery,  than  it  is  for  ele- 
vated, subway,  or  interurban  roads,  where  the  rails  are  clean. 

Table  II  gives  coefficients  of  adhesion  for  rails  imder  different 
conditions  and  assimies  uniform  tractive  effort  applied  to  the 
wheels.  The  coefficient  of  adhesion  expresses  the  ratio 
between  the  tractive  efifort  that  will  just  slip  the  wheels  and  the 
weight  on  the  rails  directly  imder  the  driving  wheels.  The 
application  of  sand  increases  adhesion. 

The  coefficient  of  adhesion  of  30  per  cent,  is  the  maximum 
value  given  in  the  table,  but  tests  with  electric  locomotives  have 
recorded  as  high  a  coefficient  as  35  to  40  per  cent,  imder  favor- 
able conditions.  Except  in  infrequent-stop,  high-speed  serv- 
ice, where  lower  rates  of  acceleration  prevail,  it  is  customary 
to  provide  sufficient  motive  power  to  slip  the  wheels  on  dry 
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rail;  in  high-speed  service,  this  practice  is  not  observed  because 
high-speed  eqtiipments  are  not  intended  for  high  rates  of 
acceleration  and  efforts  to  qualify  them  as  such  result  in  enor- 
mous currents  and  unnecessarily  high  cost  of  equipment. 

51.  On  interurban  or  elevated  roads,  the  adhesive  force  may 
be  safely  taken  as  15  per  cent,  of  the  weight  on  the  rails  tmder 
the  drivers;  on  city  street  railways,  a  safe  value  is  12  per  cent, 
of  the  weight  on  the  rails  tmder  the  drivers;  this  gives  2,000 X  .15 
=300  pounds  per  ton  for  elevated  and  intenu-ban  service  and 
2,000X.12=240  potmds  per  ton  in  city  trolley  service. 

TABLE  n 

COEFFICIENTS    OF    ADHESION 


Condition  of  Rail 

Without  Sand 
Per  Cent. 

With  Sand 
Percent. 

Clean  drv  rail 

30 
18 

10 

Wet  rail 

22 

Rail  covered  with  sleet 

20 

Rail  covered  with  dry  snow 

15 

On  single-truck,  two-motor  cars,  all  wheels  are  drivers  and 
the  weight  on  the  rails  tmder  the  drivers  equals  the  total  weight 
of  the  car.  This  style  of  equipment  is  well  adapted  to  hill 
climbing  and  to  operation  tmder  tmfavorable  rail  conditions. 

On  double-truck,  two-motor  cars,  from  55  to  70  per  cent,  of 
the  total  weight  rests  on  the  rails  tmder  the  drivers,  thtis  limit- 
ing the  tractive  effort  to  from  165  to  210  potmds  per  ton  weight 
of  car  at  15  per  cent,  adhesive  force. 

On  fotir-motor,  double-truck  cars,  all  weight  is  on  the  rails 
tmder  the  drivers;  these  equipments  are  desirable  for  roads 
operating  double-truck  cars  in  hilly  localities. 

52.  Limiting  Grades. — ^The  car  wheels  on  separate  axles 
are  tistially  not  rigidly  connected  together,  therefore,  on  grades, 
where  weight  is  transferred  from  the  forward  to  the  rear  drivers, 
less  tractive  effort  can  be  applied  than  is  the  case  on  a  level, 
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because  of  the  tendency  of  the  forward  wheels  to  slip.  The 
motors  are  usually  started  while  connected  in  series  and,  if  the 
wheels  connected  to  one  motor  slip,  the  high  counter  electro- 
motive force  of  the  spinning  motor  reduces  the  current  through 
both  motors  to  an  insuflScient  value  for  satisfactory  operation. 

If  <t= tractive  efifort  required  to  start  car  on  level,  in  pounds 

per  ton; 
g= grade,  expressed  as  a  percentage; 
«;=car  weight,  in  tons; 
/?=per  cent,   of  total  weight  on  rails  tmder  drivers, 

expressed  as  a  decimal; 
r= coefficient  of  adhesion,  expressed  as  a  decimal. 

Then, 

Weight  on  rails  tmder  drivers,  in  pounds= 2,000  w  p 
Adhesive  force,  in  poimds  =  2,000  wpr 

Force  required  to  start  car  on  grade  g      =^w  tg+20  w  g 

Each  per  cent,  of  grade  requires  20  poimds  per  ton  additional 
tractive  effort  over  that  required  on  a  level.  When  the  grade 
is  such  that  the  tractive  effort  required  to  start  on  it  is  just 
sufficient  to  cause  wheel  slippage;  then, 

^2,000  w  p  r-w  /,_2,000  p  r-U 
^  2aw  20 

Example. — If  65  per  cent,  of  the  weight  of  a  car  rests  on  the  rails  under 
the  drivers  and  if  the  coefficient  of  adhesion  is  15  per  cent.,  what  is  the 
maximum  grade  that  the  car  can  start  on  without  wheel  slippage,  assuming 
that  it  requires  a  tractive  effort  of  70  pounds  per  ton  weight  of  car  to  start 
on  the  level? 

Solution. — ^In  the  formula,  />*.ft5;  r«.15;  and  ^«70;  therefore, 

2,000X.65X.15-70    ^  ^^  ^      ^ 

,. 6.25  per  cent.    Ans. 

The  wheels  will  slip  if  the  car  is  started  on  a  grade  exceeding 
this  percentage,  assuming  the  conditions  stated  in  the  example. 

53.  Acceleration  Curve. — Fig.  17  shows  typical  curves 
for  an  electric  train  equipped  for  rapid  acceleration.  Curve  A 
shows  the  relation  between  speed  and  time,  ciuve  B  shows  the 


Digiti 


ized  by  Google 


§17 


ELECTRIC  RAILWAY  SYSTEMS 


39 


total  cticrent  supplied,  and  ciirve  C  shows  the  voltage.  Start- 
ing from  rest,  the  speed  increases  almost  imiformly  up  to 
25  miles  per  hour;  the  speed  curve  then  bends  over,  thereby 
indicating  decrease  in  acceleration;  at  37^  miles  per  hour,  the 
curve  has  become  almost  horizontal;  the  speed  is  then  nearly 
uniform  and  the  acceleration  has  become  practically  zero. 
After  93  seconds,  the  current  is  shut  oflE;  the  train  then  coasts 
by  virtue  of  the  energy  stored  in  it  and  the  speed  is  gradually 
decreased  because  this  stored  energy  has  to  overcome  train 


resistance.  Later,  the  brakes  are  applied  and  the  train  retarded, 
as  indicated  by  the  straight  sloping  line  at  the  right,  and  finally 
brought  to  a  stop.  With  all  starting  resistance  in  series,  the 
total  current  is  about  1,100  amperes;  and  as  the  resistance  is 
cut  out,  the  current  varies  as  indicated  by  the  notches  in  the 
curve  dtiring  the  first  10  seconds.  The  motors  are  then  thrown 
into  parallel  and  the  total  current  rises  to  about  2,400  amperes, 
after  which  it  further  increases  to  3,200  amperes,  as  the  resis- 
tance on  the  parallel  notches  is  cut  out.    Up  to  this  point  the 
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current  through  each  motor  and  the  tractive  effort  have 
remained  practically  constant,  since  the  motors  of  each  car 
are  first  in  series  and  then  in  parallel.  As  the  train  resistance 
remains  almost  constant  for  moderate  speeds,  the  speed  is 
accelerated  during  the  first  20  seconds  almost  uniformly  from 
0  to  25  miles  per  hour.  The  average  acceleration  dtiring  this 
interval  is  1.25  miles  per  hour  per  second.  Beyond  25  miles 
per  hour,  the  current  and  tractive  effort  diminish,  thereby 
decreasing  the  rate  of  acceleration;  and  when  the  current  has 
dropped  to  about  650  amperes,  the  speed  has  become  nearly 
uniform.  The  tractive  effort  is  then  wholly  utilized  in  over- 
coming train  resistance;  dtuing  acceleration,  a  large  part  of  the 
total  effort  is  used  to  increase  the  speed  and  thereby  store 
energy  in  the  train,  the  remainder  being  used  to  overcome  train 
resistance. 

64.  Tractive  Effort  for  Trains. — ^When  trains  are  com- 
posed of  two  or  more  cars,  the  tractive  effort  per  ton  of  train 
is  less  than  for  single-car  operation  because,  while  the  head- 
end air  resistance  remains  the  same  in  the  two  cases,  for  given 
speed,  the  weight  of  a  long  train  is  greater  than  that  of  a  single 
car  so  that  the  tractive  effort  per  ton  required  by  head-end 
air  resistance  is  correspondingly  less.  Each  car  added,  how- 
ever, increases  the  amoimt  of  surface  exposed  to  side  friction, 
also  adding  a  certain  amotmt  of  air  friction  where  the  cars 
couple  together.  The  latter  effect  can  be  largely  eliminated 
by  solidly  vestibuling  the  coaches  in  a  manner  to  present  a 
smooth  surface  where  they  join.  The  total  air  resistance  of  a 
train  is,  therefore,  much  less  than  the  air  resistance  of  one  car 
multiplied  by  the  number  of  cars.  The  effect  of  head-end  air 
resistance  can  be  much  decreased  by  so  shaping  the  head  end 
of  the  train  as  to  cleave  the  air  and  turn  it  off  to  the  side. 

w—  1 

A  corrective  factor  of  IH ,  where  n  is  the  ntmiber  of  cars 

10 

in  the  train,  is  applied  to  the  third  element  of  the  right-hand 
side  of  the  formula  for  the  total  tractive  effort  when  train  oper- 
ation is  to  be  considered.  This  element  relates  to  air  friction. 
The  formula  then  becomes: 
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"       25     400\        10  /  ^^2 

Example. — ^A  400-ton,  eight-car  train  operates  at  60  miles  per  hour 
on  a  straight  level  track.  The  surface  area  of  the  head  end  of  the  train 
is  120  square  feet,  (a)  What  is  the  total  tractive  effort?  {b)  What  is 
the  tractive  effort  per  ton  weight  of  train? 

Solution. — (a)  In  the  formula  te>«400;  t»=60;  5"  120;  and  «  =  8.  As 
the  train  is  operating  on  a  straight  level  track  at  constant  speed,  the  last 
three  elements  of  the  formula,  which  relates  to  grades,  curves,  and  accele- 
ration are  eliminated.    The  total  tractive  effort 


r.«,xV40o+^+iH^x'» 


x(-'fo") 


w 


-1,000+960-1-1,836-3,796  lb.    Ans. 
3,796  -^  400 = 9.49  lb.  per  ton.    Ans. 


TABLE  in 

RELATION    OP    WEIGHT    OP 
CAB    TO    SURPACE    AT    END 


55.  It  should  be  noted  that  the  tractive  effort,  1 ,836  poimds, 
required  to  overcome  air  resistance  ahnost  eqtials  the  effort 
required,  1,960  pounds,  to  overcome  all  mechanical  resistance. 
At  very  low  speeds,  train  resis- 
tance decreases  as  the  speed  in- 
creases, reaching  a  minimum 
annmd  5  mile^  per  hour;  the 
speed  corresponding  to  minimtim 
train  resistance,  however,  varies 
and  depends  on  the  condition  of 
the  cars  and  track.  As  the  speed 
further  increases  the  train  resis- 
tance increases  rapidly,  due  to 
the  rate  at  which  air  resistance 
increases.  Head-on  high  winds 
can  easily  double  the  train  resis- 
tance, while  high  winds  from  the 

rear  have  theopposite  effect.   The 

shorter  a  train  is,  the  lower  is  the 

speed  at  which  the  air  resistance  becomes  equal  to  the  mechan- 
ical resistance,  because  the  larger  portion  of  the  resistance  due 
to  air  friction  is  caused  by  the  surface  at  the  head  end  of  the 
train,  and  this  remains  the  same  whatever  the  number  of  cars 


Weight  of  Car 
Tons 

Area  of 

Surface  at 

One  End 

Square  Feet 

20 

90 

30 

100 

40 

no 

50 

120 

60 

120 
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may  be,  while  the  weight  of  the  train,  and  consequently  the 
mechanical  resistance,  is  greatly  lessened  by  decreasing  the 
number  of  cars. 

The  more  frequent  are  the  stops,  the  greater  is  the  percentage 
of  total  train  energy  input  expended  on  accel^-ation;  therefore, 
in  low-speed,  frequent-stop  service,  the  trains  should  be  light, 
while  in  high-speed  service,  with  few  stops,  light  weight  is  not 
so  important. 


bounds  per  Tan 

Pic.  18 

The  approximate  relation  between  the  weight  of  a  car  and 
the  area  of  the  surface  at  one  end  is  shown  in  Table  III. 

56.  Train  Resistance  Cun'^es  for  Single  Cars  and 
Trains. — Fig.  18  indicates  the  train  resistance  per  ton  for 
single  cars  of  different  weights;  Fig.  19  gives  train  resistance 
per  ton  for  five-car  trains  composed  of  cars  of  similar  weights 
to  those  of  Fig.  18.  For  example,  the  train  resistance  per  ton 
of  a  single  20-ton  car,  Fig.  18,  operating  at  25  miles  per  hour  is 
17^  potmds  per  ton;  that  of  a  train  of  five  20-ton  cars.  Fig.  19, 
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at  the  same  speed  is  about  7J  pounds  per  ton.    The  train 
resistance  per  ton  of  a  single  60-ton  car,  Fig.  18,  operating  at 


Potffidf  per  2Vm 

Pig.  19 


60  miles  per  hour,  is  22J  pounds  per  ton;  for  a  train  of  five 
such  cars,  Fig.  19,  it  is  about  9J  pounds  per  ton. 


POWER  FORBiULAS 
67.  By  horsepower  of  operation  is  meant  the  power 
required  to  operate  a  car  of  given  weight  and  with  certain 
assumptions  in  regard  to  train  resistance,  grades,  and  accelera- 
tion. The  effects  of  curves  on  power  requirements  can  usually 
be  ignored;  because,  if  the  curves  are  of  long  radius  the  power 
is  negligible,  and  if  the  curves  are  of  short  radius,  not  only  is 
the  speed  reduced,  but  the  headway  of  the  car  helps  it  to 
round  the  curve.  The  power  may  be  expressed  either  as 
horsepower  or  kilowatts. 

58.  kilowatt  Input  for  Train  Resistance. — ^The  kilo- 
watt input  to  a  car  operating  at  uniform  speed  on  level  track 
can  be  calcvilated  from  the  following  formtila: 
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Let  p= kilowatt  input; 

^= train  resistance,  or  tractive  effort  reqtiired  to  over- 
come it,  in  poimds  per  ton; 

«;= weight  of  car,  in  tons; 

z;= speed,  in  miles  per  hour; 

^=fiill-speed  efficiency  of  motor  equipment,  expressed  as 
a  decimal. 

Example. — (a)  A  16- ton  car  runs  at  a  uniform  speed  of  16  miles  an 
hour  on  level  track  against  a  train  resistance  of  17  poimds  per  ton.  Assimi- 
ing  the  efficiency  of  the  motor  equipment  at  full  speed  to  be  70  per  cent., 
what  is:  (a)  the  kilowatt  input?  (6)  the  horsepower  input?  One  kilo- 
watt equals  1.34  horsepower. 

Solution. — (a)  In  the  formula  /r  =  17,  w  =  16,  i»=16,  and  e=.7.  Sub- 
stituting these  values, 

2X17X16X16  * 

P  =  — 71^;: — ^ —  *  12.4  K.  W.    Ans. 
1,OOOX.7 

(b)  H.  P.  =  12.4 XI. 34  =-16.62  H.  P.    Ans. 

59«  Total  Kilowatt  Input  for  Train  Resistance  and 
Grades. — ^The  combined  tractive  efforts  per  ton  for  train 
resistance  and  grade  is  tr+tg.  The  kilowatt  input  of  a  car 
operating  at  imiform  speed  on  a  grade  can  be  calculated  by 
means  of  the  following  formula: 

2{tr+tg)wv 


Pr,  =  - 


1,000^ 


Example. — A  16-ton  car  moves  at  a  uniform  speed  of  16  miles  per 
hour  against  a  train  resistance  of  17  pounds  per  ton  up  a  3-per-cent.  grade. 
The  efficiency  of  the  motor  equipment  at  full  speed  is  assvuned  to  be  70  per 
cent,  (a)  What  is  the  input  in  kilowatts?  (b)  What  is  the  input  in 
horsepower? 

Solution.— (a)  In    the    formula,    /r==17,    lg=3X2O=Q0    (Arts.    45 
and  49).   /,.-f/^  =  17+60  =  77.   tt;  =  16,   t;  =  16,  and    e  =  .7.     Substituting' 
these  values, 

2X77X16X16 
^-=      l.OOOX.T      =^-^^-^-     ^"^^ 
(6)  56.3K.  W.X1.34  =  75.4H.  P.    Ans. 
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60.  Tractive  Effort  and  HorseiK>wer-Output  Curves. 

The  curves  of  Fig.  20  show  approximately  the  tractive  effort 
and  the  horsepower  output  of  the  motors  required  to  operate 
a  car  under  given  conditions.  The  train  resistance  on  a  level 
track  is  assumed  to  be  20  poimds  per  ton,  which  is  a  safe  figiu^ 
for  city  operation.  An  example  will  serve  to  illustrate  the  use 
of  the  curves. 

Example. — ^What  is:  (a)  the  tractive  effort,  and  (b)  the  output  of  the 
motors  required  to  move  a  16-ton  car  up  a  3-per-cent.  grade  at  the  rate  of 
10  miles  per  hour? 

Solution. — (a)  First  find  the  point  a  on  the  weight  data  line  corre- 
sponding to  16  tons;  proceed  vertically  upwards  to  point  b  on  the  3-per- 
cent, line;  then  horizontally  to  the  right  to  point  c  on  the  tractive  effort 
line;  and  read  1,280  poimds.    Ans. 

(b)  From  point  c  continue  horizontally  to  the  right  to  point  d  on  the 
line  marked  10  (mL  per  hr.)  and  then  vertically  downwards  to  point  e  on 
the  total-horse  power  line  and  read  34.1  H.  P.    Ans. 

Note. — The  movements  for  this  particular  solution  are  indicated  in  Fig.  20  by 
dotted  lines. 

To  obtain  the  horsepower  input,  the  horsepower  output 
derived  from  the  curves  must  be  divided  by  the  e^ciency  of  the 
motors  imder  running  conditions  selected. 

61.  Kilowatt  Input  for  Acceleration. — Calculations 
relating  to  the  kilowatt  input  for  acceleration  are  only  of 
approximate  accuracy  because  they  involve  changing  conditions 
of  the  tractive  efforts  during  acceleration,  the  energy  expended 
in  the  starting  resistances  or  other  speed  regulating  devices, 
and  the  efficiency  of  the  motors.  If  the  acceleration  is  uniform, 
the  average  speed  may  be  taken  as  one-half  of  the  final  speed. 

If  the  tractive  force  Ta  in  pounds  and  the  average  speed  v 
in  miles  per  hour  are  known  and  a  value  of  the  combined 
efficiency  e  of  the  starting  apparatus  and  motors  is  assumed, 
the  approximate  value  of  the  kilowatt  input  for  acceleration  is 

TaV  .        ^-      .002  TaV 

po= »  or  approxmiately 

503^  e 

Example. — ^A  16-ton  car  is  accelerated  from  rest  to  a  speed  of  16  miles 
per  hour  in  16  seconds  with  a  tractive  force  of  1,600  pounds.    The 
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combined  efficiency  c^  the  starting  apparatus  and  motors  is  assumed  to 
be  60  per  cent.    What  is  the  kilowatt  input  required  for  acceleration? 

Solution. — In  the  formula,  the   tractive  force  Ta- 1,600  and  the 
average  speed  r=16-s-2=*^8;  e=.6.    Substituting  these  values, 

.002X1.600X8 
p^^ C^ ^-42.7K.W.    Ans. 


ENERGY  TESTS 


INTERUBBAN    ROADS 

62.  Tests  made  on  cars  in  every-day  operation  afiford  reli- 
able data  for  estimating  the  probable  energy  required  for  a  given 
service;  such  tests  include  observations  of  power,  speed,  time, 
voltage,  current,  grades,  curves,  and  everything  else  likely  to 
aflfect  the  energy  consumption.  The  following  figures  are  taken 
from  the  record  of  tests  made  with  40-foot  cars  each  weighing 
63,000  pounds  complete  and  each  equipped  with  two  150-horse- 
power  motors  mounted  on  the  forward  truck.  The  energy 
consumption  was  measured  for  both  limited  and  local  service 
so  that  the  effect  of  stops  could  be  determined. 

In  local  service,  the  average  speed  for  the  whole  run  of 
56.5  miles  was  22.6  miles  per  hour,  but  part  of  the  run  was  at 
reduced  rates  through  cities;  outside  of  the  cities,  the  local- 
service  speed  averaged  26.6  miles  per  hour. 

In  limited  service,  the  speed  averaged  28.3  miles  per  hour  for 
the  whole  run  and  35.3  miles  per  hour,  exclusive  of  slow  running, 
in  the  cities.  The  speed  between  stations  frequently  rose  to 
40  and  45  miles  per  hour  and  on  one  part  of  the  road  reached 
60  miles  per  hour.  Most  of  the  grades  were  less  than  2  per 
cent.,  but  a  few  short  ones  were  as  high  as  3  per  cent.  The 
weight  of  the  car  with  passengers  was  usually  from  34  to 
34.5  tons.  The  energy  consumption,  as  indicated  by  the  aver- 
age of  a  large  number  of  watt-hour-meter  readings,  is  given 
in  Table  IV.  From  these  figures  it  would  be  safe  in  making  a 
preliminary  estimate  on  a  similar  road,  to  allow  from  70  to 
75  watt-hours  input  per  ton-mile  for  limited  service  and  85  to 
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90  watt-hoiirs  input  per  ton-mile  for  local  service.  The  energy 
consumption  in  local  service  runs  higher  than  in  the  limited  serv- 
ice at  moderate  speeds  because  of  the  greater  ntunber  of  stops. 
Each  stop  is  followed  by  a  start  with  heavy  accelerating  cur- 
rent, which  is  required  to  overcome  the  inertia  of  the  car  weight. 
If  the  limited  service  had  been  at  very  high  continuous  speed, 
the  energy  consumption  in  watt-hours  per  ton-mile  would  prob- 
ably exceed  that  for  the  local  service  because  of  the  great  effect 
of  air  resistance  at  the  higher  speeds. 

TABLE  IV 
ENERGY    CONSUBiPTION    OP    INTEBUBBAN    CABS 


Class  of  Service 


Local  service,  outgoing  trips 

Local  service,  return  trips 

Local  service,  average  for  six  rotind  trips 

Limited  service,  outgoing  trips 

Limited  service,  return  trips 

Limited  service,  average  for  round  trips. 


Kilowatt-Hours 

Watt-Hours 

per 
Car-Mile 

per 
Ton-Mile 

2.24  to  2.78 

66.7  to  81 

2.62  to  3.05 

77  to  89.5 

2.62 

76.6 

2.10 

58.7 

2.31 

71.6 

2.20 

65.1 

63.  Tests  made  with  25-ton  cars  give  results  quite  consistent 
with  those  of  Table  IV.  The  average  energy  consumption  for 
regular  trips  at  speeds  varying  from  8  to  29  miles  per  horn- 
was  2.16  kilowatt-hours  per  car-mile,  or  86.4  watt-hours  per 
ton-mile.  The  average  consumption  for  test  runs  made  with 
speeds  varying  from  19  to  27.5  miles  per  hour,  was  1.96  kilowatt- 
hours  per  car-mile,  or  78.4  watt-hotirs  per  ton-mile.  The  great- 
est consumption  was  for  a  short  run  of  1.46  miles  at  a  low  speed 
of  8  miles  per  hour;  here  the  energy  consumption  was  3.7  kilo- 
watt-hotirs  per  car-mile,  or  148  watt-hours  per  ton-mile. 

64.  A  7-ton,  storage-battery  car  in  regular  service  over 
grades  ranging  from  3.8  to  4.5  per  cent.,  at  22  miles  per  horn- 
schedule  speed,  including  five  stops  per  mile,  required  63.4  watt- 
hoiu-s  per  ton-mile  for  a  daily  mileage  of  110  miles  with  an  aver- 
age of  seven  passengers  per  car-mile. 
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65.  The  application  of  the  preceding  data  is  illtistrated  in 
the  following  example: 

EXA1IPI.E. — ^An  interurban  electric  road  is  to  operate  ten  cars,  each 
weighing  30  tons  when  loaded;  six  are  for  local  and  four  for  limited  seiVice. 
Local  cars  are  to  average  20  miles  per  hour  and  limited  cars,  32  miles  per 
hour.  Estimate  the  approximate  station  capacity,  assuming  the  total  loss 
between  generators  and  cars  to  be  18  per  cent,  of  the  delivered  energy  at 
the  cars. 

Solution. — ^The  average  energy  consimiption,  in  watt-hours  per  ton- 
mile,  may  be  taken  at  72.5  for  the  limited  cars  and  87.5  for  the  local  service. 
(See  Art.  62. )     In  1  hr.  the  total  nimiber  of  watt-hovu^  supplied  would  be: 
For  local  service,  6  cars  X  30  tons  X  20  mi. 

X87.5  watt-hours =315,000  watt-hours 

For  limited  service,  4  cars   X   30  tons 

X32  mi.X72.5  watt-hours « 278,400  watt-hours 

593,400  watt-hours 

As  the  energy  supplied  to  the  cars  in  1  hr.  is  593,400  watt-hours,  the 
power  is  593,400 -J- 1=593,400  watts  =  593.4  K.  W.  The  loss  in  lines, 
working  conductor,  rotaries,  and  transformers,  is  593. 4 X.  18  =  106.8  K.  W. 
The  average  station  output  must  be  593.4 -h  106.8  =  700.2  K.  W.  On  an 
interurban  system  where  comparatively  few  cars  are  operated,  the  local 
fluctuations  are  great  and  the  maximum  load  may  be  twice  the  average; 
also,  considerable  energy  is  required  for  lighting  and  heating.  In  the 
present  case,  the  station  should  be  capable  of  fimiishing  at  least  1,000  K.  W. 
and  to  insure  against  shut-downs,  two  1,000  K.-W.  generators  would  be 
advisable;  or  at  least  three  generators  of  500  K.  W.  each,  one,  two,  or 
three  being  operated,  as  occasion  might  require;  by  thus  operating  genera- 
tors only  when  needed  and  then  at  or  near  full  load,  a  high-load  factor  and 
greater  efficiency  is  maintained. 


CITY    ROADS 

66.  The  energy  consumption  per  ton-mile  is  greater  for 
city  service  than  for  interurban,  because  the  cars  are  Ughter, 
the  tractive  effort  per  ton  greater,  the  stops  more  frequent, 
and,  as  a  rule,  the  surface  of  the  track  is  not  in  as  good  con- 
dition. In  frequent-stop  service,  much  energy  is  wasted  in  the 
starting  rheostats.  The  average  energy  consumption  per  ton- 
mile  is  seldom  less  than  90  watt-hours  and  often  is  more. 

Table  V  gives  data  of  tests  made  on  cars  equipped  with 
motors  of  the  sizes  ordinarily  used  in  city  and  suburban  work. 
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TABLE  V 

BNEROT    CONSUMPTION    OF    CITT    CABS 


Weight  of 
Car 
Tons 

Horsepower 
per  Motor 

Number  of 
Motors 
per  Car 

Kilowatt- 
Hours  per 
Car-MUe 

Watt-Hours 

per 
Ton-Mile 

1925 

35 

2 

1.67 

87.0 

16.64 

40 

2 

1.58 

94-9 

2435 

38 

4 

2.78 

114.0 

21.65 

40 

4 

2.58 

119.0 

19.12 

35 

4 

2.38 

124.0 

21.65 

38 

4 

2.83 

131.0 

19.92 

40 

4 

2.85 

1430 

22.80 

35 

4 

3.26 

143.0/ 

.21.73 

40 

4 

312 

144.0 

21.80 

50 

4 

329 

152.0 

21.04 

38 

4 

332 

1570 

21.19 

40 

4 

4.12 

1930 

EXAMPLES    FOR    PRACTICE 

1.  If  750  pounds  is  required  to  propel  a  30- ton  car  on  a  level  track, 
what  total  force  must  be  applied  to  propel  the  car  up  a  2-per-cent.  grade? 

Ans.  1,9501b. 

2.  (a)  If  a  car  weighs  25  tons,  what  force  must  be  applied  to  produce 
an  acceleration  of  1.25  miles  per  hour  per  second?  (6)  What  must  be  the 
total  force  applied  to  produce  the  acceleration  and  overcome  the  train 
resistance  as  well,  assuming  that  the  latter  amounts  to  20  pounds  per  ton 


weight  of  car? 


Ans. 


f(a)  3,1251b. 
'{(b)  3,6251b. 


3.  A  certain  car  has  60  per  cent,  of  its  weight  resting  on  the  driving 
wheels  and  the  adhesive  force  between  track  and  rail  is  15  per  cent,  of  the 
weight  on  the  drivers.  A  force  of  75  poimds  per  ton  weight  of  car  is  neces- 
sary to  start  the  car  from  rest.  What  is  the  steepest  grade  on  which  the 
car  can  be  started  without  slippage  of  the  wheels  on  the  tracks? 

Ans.  5.25  per  cent. 

4.  If  a  force  of  20  pounds  per  ton  is  required  to  propel  a  25-ton  car  on 
a  level  track  at  the  rate  of  15  miles  per  hour,  the  motor  efficiency  at  that 
speed  being  70  per  cent.,  what  is  the  input,  in  kilowatts,  for  the  car? 

Ans.  21  K.  W. 
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METHOD    OF   MAKING    ENERGY    TEST 

67.  The  simplest  method  of  rumiing  an  energy  test  on  a 
car  is  to  connect  a  watt-hour  meter  into  the  motor  drctdt,  note 
the  reading  at  the  beginning  of  a  regular  run  and  the  reading 
at  the  end  of  the  run  and  take  the  difference,  which  will  be  the 
watt-hours  consumed  during  the  nm.  This  method  auto- 
matically averages  the  products  of  the  volts  and  amperes  and 
multiplies  the  result  by  the  time  in  hours;  but  it  gives  no  infor- 
mation in  regard  to  maximum,  average,  and  minimum  volts 
and  amperes.  When  such  information  is  wanted,  or  when  a 
watt-hour  meter  of  sufficient  capacity  is  not  available,  a  test 
can  be  made  with  a  voltmeter  and  an  ammeter,  the  first  being 
connected  across  trolley  and  groimd  and  the  second  in  the  main 
motor  circuit.  Where  the  car  equipment  includes  heaters, 
compressor,  governor,  electric  headlights  and  car  lights,  and 
only  a  record  of  the  energy  consumption  of  the  motor  circuit 
is  desired,  either  these  other  circuits  must  be  kept  open,  or  the 
ammeter  or  the  current  coil  of  the  watt-hour  meter  must  be 
connected  only  in  the  motor  circuit. 

68«  The  voltmeter-ammeter  test  consists  in  taking  a  series 
of  simultaneous  voltage  and  ampere  readings  at  a  certain  num- 
ber of  seconds  apart;  each  voltage  reading  is  afterwards  mul- 
tiplied by  its  corresponding  amperage  reading  and  the  product, 
watts,  placed  opposite  in  a  third  column  of  the  record  sheet. 
The  sum  of  the  voltage  readings  divided  by  their  number, 
gives  the  average  voltage  during  the  test;  the  sum  of  the  current 
readings  divided  by  their  number  gives  the  average  current 
during  the  test;  and  the  sum  of  the  watt  readings,  divided  by 
their  number  gives  the  average  watts  required  during  the  test. 
Table  VI  gives  27  of  the  426  readings  taken  during  such  a  test. 

The  following  data  are  based  on  the  full  record  of  readings: 
Maximum  voltage,  625;  maximum  current,  355  amperes;  maxi- 
mum power,  189,750  watts;  maximtmi  voltage  and  current  read- 
ings did  not  occur  at  the  same  time;  minimum  voltage,  360; 
minimtmi  current,  0  amperes;  average  voltage  from  all  read- 
ings, 511;  average  current  from  all  readings,  87  amperes: 
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average  power,  43,112  watts,  found  by  taking  the  average  of  all 

of  the  watt  values  in  the  complete  record  sheet;  average  of  ciu*- 

rent  readings,  not  considering  the  zero  readings,  149  amperes; 

average  power,  considering  only  readings  when  electricity  flows, 

74,445  watts;  dtiration  of  test,   1.7  hours;  energy  to  drive 

43  112 
car  during  complete  test= — - — X  1.7  =  73.29  kilowatt-hours; 

X,U\A/ 

energy  per  hour  is  equal  to  the  average  kilowatts =43.112  kilo- 
watt-hours; weight  of  car,  21.19  tons;  energy  per  ton-hour 
=43.112-^21.19=2.03  kilowatt-hours;  length  of  run  17.78 
miles;  average  speed,  10.46  miles  per  hour;  energy  per  car-mile 
=  43.112-^  10.46=4.12  kilowatt-hours;  energy  per  ton-mile 
=2.03-5- 10.46 =.193  kilowatt-hour,  or  193  watt-hours. 


RELATION    OF    MAXIMUM    AND    AVERAGE    CURRENTS 

69.  The  maximum  current  taken  by  a  car  during  a  run 
depends  on  the  manner  in  which  the  motorman  handles  the 
controller;  if  he  moves  the  handle  too  quickly,  the  current  may 
be  excessive. 

The  average  current  depends  cm  the  number  of  times  that 
the  car  must  be  started  from  rest,  on  the  voltage,  the  weight  of 
the  car,  grades,  curves,  gear  ratio,  and  track  conditions.  A 
great  number  of  tests  under  widely  different  conditions  indi- 
cate that  the  maximum  current  is  from  three  to  five  times  the 
average  current  when  the  latter  is  based  on  all  test  readings, 
including  the  periods  of  coasting  and  stops. 

When  the  energy  test  is  made  with  a  watt-hour  meter,  the 
result  obtained  directly  will  be  the  watt-hours  of  energy 
expended  on  the  car  during  the  test  trip.  If  the  watt-hours 
are  divided  by  the  time,  in  hours,  of  the  trip,  the  result  is  the 
average  power  in  watts.  If  the  average  watts  is  divided  by  the 
average  voltage  (ascertained  by  voltmeter  readings  or  assumed), 
the  result  is  the  average  current. 
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LOCATION  OP  POWER  HOUSE 


GENERAL    CONSIDERATIONS 

70.  Purely  electrical  considerations  would  place  the  power- 
house as  nearly  as  practicable  to  the  center  of  the  system  in 
order  to  minimize  the  transmission  losses.  The  location  of 
water-driven  stations,  however,  is  dictated  by  the  location  of 
the  dam,  and  the  ideal  central  location  of  steam-driven  sta- 
tions is  often  influenced  by  other  features  that  may  be  more 
important  than  is  transmission  loss.  For  example:  The  best 
electric  location  might  fall  in  a  section  where  office  buildings 
would  pay  better  dividends  than  many  well-managed  railroads. 
Again,  the  load  center  might  fall  where  coal  would  have  to  be 
hauled  at  great  expense  or  where  there  would  be  lack  of  water 
for  boilers  and  condensers.  The  final  selection  of  a  power 
station  site  is  a  compromise  of  several  sites  governed  by  con- 
flicting conditions,  each  of  which  must  be  considered  from  the 
point  of  view  of  its  advantages  and  disadvantages  expressed  in 
dollars. 


CENTOS    OF   STfiTTEM 

71.  By  center  of  system  is  meant  the  center  of  load  or 
traffic.  A  portion  of  the  energy  transmitted  from  the  station 
to  the  distribution  points  is  lost  in  the  distributing  system. 
If  the  conductors  are  too  small,  the  loss  will  be  excessive  and  the 
voltage  at  the  end  of  the  Une  low;  the  loss  depends  on  the  line 
resistance  and  on  the  current  transmitted.  The  load  center 
and  geographical  center  seldom  coincide;  the  location  of  the 
latter  depends  on  the  number  of  miles  of  track  and  on  their 
disposition;  the  location  of  the  former  depends  on  how  the 
load  is  distributed. 

In  Fig.  21,  A  B  represents  10  miles  of  straight  level  track 
on  which  14  similar  cars  operate  at  regular  intervals.  The 
geographical,  or  mileage,  center,  is  located  at  F  ^  there  is 
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5  miles  of  track  on  each  side  of  it.  Assuming  equal  power 
requirements  for  the  cars  /  to  7  on  each  side  of  the  center  line  c  I 
the  load  center  is  also  at  P.  An  absolutely  even  distribution 
of  load  is  improbable,  however,  due  to  grades,  directions  in 
which  the  passenger  loads  travel,  and  density  of  population  at 
different  points  on  the  line.  For  example,  heavier  grades  and 
denser  traffic  near  A  would  bring  the  load  center  between 
A  and  P. 

72.  When  locating  a  station  site  future  extension  and  traffic 
growth  should  be  considered.  The  station  should  be  situated 
at  a  point  that  will  be  at  approximately  the  load  center  of  the 


iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii  \B 

/ff/i&^j 1 — H 


Fig.  21 

future  enlarged  system,  even  if  this  location  is  some  distance 
from  the  central  position  imder  present  conditions. 

73.  The  load  center  of  any  system  can  be  located  with 
sufficient  accuracy  for  practical  purposes  by  considering  the 
system  in  sections,  each  with  fairly  uniform  load  distribution, 
and  assuming  that  the  load  on  eadi  section  is  concentrated 
at  its  geographical  center.  For  example,  a  system  may  con- 
sist of  two  lines  merging  at  a  point,  as  represented  by  Fig.  22, 
and  the  load  may  not  be  uniform  on  all  parts  of  the  system. 
The  load,  being  fairly  uniform  over  section  a  6,  may  be  con- 
sidered as  concentrated  at  its  central  point  c\  a  heavier  load 
distributed  over  section  b  d  is  concentrated  at  e\  and  the  \mi- 
form  load  of  section  df,  aX  g. 
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The  concentrated  loads  should  be  estimated  from  the  ntmi- 
ber  of  cars  operating  on  the  section  and  the  energy  require- 
ments of  each  car.  The  loads  can  be  expressed  in  horsepower, 
kilowatts,  or  in  kilowatt-hours,  but  all  must  be  in  the  same 
units.  The  relation  between  the  loads  should  be  noted.  For 
instance,  if  load  c  is  taken  as  1  and  load  e  is  four  times  as  great, 
it  is  called  4;  and  if  load  g  is  five  times  as  great  as  c,  it  is  called  5. 
The  load  center  for  the  length  of  road  o  d  is  first  determined. 
Suppose  that  the  distance  L  between  c  and  ^  is  7  miles,  and  the 
distance  between  the  center  of  load  h  and  e  is  /  miles.    The 


Fig.  22 

center  is  located  at  such  a  point  that  the  product  of  the  lesser 
load  1  and  the  longer  distance  L— /  is  equal  to  the  product  of 
the  larger  load  4  and  the  shorter  distance  /. 

lX(L-/)=4/,  orL=5/;asL=7,  5/=7and/=l*miles 

The  center  of  the  concentrated  load  1+4  =  5  for  the  portion 
of  the  road  a  d  is  at  /t  between  e  and  c  and  If  miles  from  e. 

The  problem  is  now  to  find  the  final  center  of  load  of  the  whole 
system,  which  will  lie  between  h  and  g.  By  consulting  a  map 
on  which  the  route  of  the  proposed  road  is  traced,  the  distance 
between  h  and  g  may  be  estimated.    In  this  case  both  loads 
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g  and  h  have  the  value  6;  therefore,  the  center  of  load  will  be 
at  i  midway  on  a  line  between  h  and  g.  If  loads  h  and  g  are 
not  eqtial  the  center  of  load  is  determined  in  the  manner 
explained  for  determining  h. 

Considerations  of  the  price  of  real  estate,  coal  haulage,  arid 
water  supply  may  cause  the  station  to  be  located  at  other  than 
the  theoretical  load  center. 


ENERGY  COSTS 

74.  The  cost  of  generating  electric  energy  varies,  because 
it  includes  items  subject  to  wide  fluctuations;  in  the  same  sta- 
tion the  cost  will  be  higher  during  some  months  than  during 
others,  because  the  load  will  vary  both  in  amount  and  in  the 
manner  in  which  it  is  distributed  throughout  the  24  hours  of  a 
day.  The  ideal  load  condition  would  be  the  full  station  capacity, 
24  hours  per  day  365  days  in  the  year,  and  without  material 
fluctuation.  This  is,  of  course,  ijnpracticable  because  of  the 
comparatively  limited  demand  for  lights  in  the  daytime  and 
for  power  at  night ;  conditions  are  considerably  helped  by  carry- 
ing a  mixed  light  and  power  load,  because  their  maximums  do 
not  coincide.  A  station  must  be  prepared  to  meet  the  maximtim 
demand  upon  it.  The  maximtim  demand,  however,  may  be 
active  only  a  few  hours  of  the  twenty-four;  dining  the  time 
that  the  demand  is  below  the  station  capacity,  expensive 
machinery  is  absorbing  interest  on  idle  investment,  and  the 
costs  of  attendance  and  fixed  charges  are  going  on. 

The  load  factor,  or  ratio  of  the  average  load  to  the  maximtim 
load,  materially  affects  the  cost  of  power,  as  shown  by  Table  VII, 
giving  cost  per  kilowatt-hour.  The  table  is  based  on  the  fol- 
lowing assumptions:  Steam  power  plant  of  10,000  kilowatts 
capacity;  cost  per  kilowatt  installed  complete,  $100;  coal  con- 
taining 12,000  heat  units  per  pound  of  combustible,  $2  per  ton 
of  2,000  pounds;  fixed  charges  for  interest,  depreciation,  and 
taxes,  12  per  cent,  per  year.  This  table  shows  that  the  cost 
per  kilowatt-hour,  including  all  charges  except  that  of  real 
estate,  varies  from  2\  cents  when  the  station  operates  with  a 
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load  factor  of  10  per  cent,  to  .6  cent  when  the  load  factor  is 
100  per  cent.  It  will  be  noted  that  in  all  cases  the  cost  of  coal 
is  a  large  percentage  of  the  total  cost. 

76.  The  cost  per  kilowatt-hour,  not  including  interest  and 
depreciation,  will  lie  between  .66  cent  and  1  cent  for  many 
steam  stations;  in  others  the  total  cost,  including  interest,  etc., 
will  lie  between  1  and  2  cents  per  kilowatt-hour.  In  the  largest 
plants  the  cost,  including  interest,  etc.,  may  be  considerably 
below  1  cent  per  kilowatt-hour. 

When  energy  is  sold  to  one  railroad  company  by  another,  a 
common  charge  is  3  cents  per  kilowatt-hour.    Assuming  that 

TABLE  Vn 
COSTS    PER   KILOWATT-HOUB 


Load 
Factor 

Cost  of 

Cost  of 

Other 

Operating 
Charges 

Fixed 

Total 
Cost  per 

Coal 

Labor 

Items 

Charges 

Kilowatt- 

Per 
Cent. 

Cent 

Cent 

Cent 

Cent 

Cents 

Hour 
Cents 

lO 

.60 

.13 

.12 

.85 

I.41 

2.25 

25 

45 

.07 

.08 

.60 

.56 

1. 16 

50 

.40 

.05 

.07 

.52 

.28 

.80 

75 

.38 

.04 

.07 

.49    ^ 

.21 

.70 

100 

.36 

.03 

.07 

.46 

.14 

.60 

a  station  is  eqtiipped  with  the  highest  grade  generating  and 
economizing  devices,  the  cost  of  power  is  strongly  affected  by 
the  distance  of  the  station  from  the  coal  mine  and  by  labor 
charges. 

76.  In  order  that  the  total  cost  of  generating  power  in  a 
station  may  be  analyzed  and  money  leaks  checked  before  they 
become  serious,  a  complete  record  of  the  various  costs  and  of 
the  station  output  must  be  kept.  To  this  end,  every  station 
switchboard  should  be  equipped  with  at  least  one  recording 
watt-hour  meter  for  registering  the  station  output,  and  it  is 
well  to  provide  two  such  meters  so  that  one  can  operate  while 
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the  other  is  being  calibrated.  In  case  only  one  instrument  is 
available,  it  should  be  checked  at  frequent  intervals  to  insure 
correct  records  of  energy  consumption.  By  dividing  the  total 
cost  of  operation  per  day  by  the  total  output  in  kilowatt-hours, 
as  gotten  from  the  recording  instruments,  the  operating  cost 
per  kilowatt-hour  is  obtained. 

77.  The  fixed  charges  entering  into  the  cost  of  generating 
energy  consists  of  depreciation,  interest  on  investment,  insur- 
ance, and  taxes.  The  depreciation  in  value  of  electric  machinery 
depends  on  many  conditions  such  as  length  of  service,  care, 
obsolescence,  which  is  the  quaKty  of  becoming  out  of  date, 
change  in  load  conditions  making  the  capacity  of  a  machine 

TABLE  Vm 
C08T   OF   STBAM    POWER   PLANTS    AND    EQUIPMENT 


Capacity  of 
Kilowatts 

Cost  per 
Kilowatt 

Capacity  of 
Kilowatts 

Cost  per 
Kilowatt 

100,000 

40,000 
20.000 

$  60 

70 
80 

10,000 
5,000 
2,500 

$  90 
100 
140 

too  great  or  too  small,  etc.  Many  ways  of  calculating  depre- 
dation are  in  tise,  the  most  common  being  to  make  a  yearly 
allowance  of  a  fixed  per  cent,  of  the  first  cost.  The  rate  of 
depreciation  is  not  the  same  for  all  parts  of  a  power  plant,  but 
for  practical  purposes  in  determining  the  cost  of  energy  an 
allowance  of  5  per  cent,  for  depreciation,  5  per  cent,  for  inter- 
est, and  2  per  cent,  for  taxes  and  insurance  will  generally  give 
results  approximately  correct. 

In  estimating  the  first  cost  of  a  plant  the  figures  inTableVIII 
will  serve  as  a  guide.  These  costs  are  fair  averages  for  com- 
plete installations  exclusive  of  land  and  buildings,  for  which 
from  $10  to  $20  per  Jdlpwatt  must  be  added. 
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OVERHEAD  SYSTEMS 


LINE  POLES 


WOODEN    POLES 

!•  The  term  line  construction  as  used  here  relates  to 
the  system  of  conductors  and  their  supports  installed  on 
electric  railroads  for  the  purpose  of  transmitting  electric  energy 
from  the  substations  or  the  low- voltage  main  stations  to  the 
cars.  On  the  larger  number  of  electric  roads  this  system 
consists  of  some  form  of  trolley  wire  supported  by  poles  on 
one  or  both  sides  of  the  street  or  right  of  way. 

2.  Selection; — ^Wooden  poles  are  used  extensively  for 
supporting  the  trolley  wire  and  feeders  on  suburban,  interurban, 
and  some  city  roads.  Poles  with  tops  less  than  24  inches  in 
circumference  should  not  be  used  except  for  very  light  work. 
The  best  poles  are  cut  when  the  sap  is  down;  to  secure  these, 
some  managers  send  inspectors  to  the  woods  to  mark  con- 
signments. Redwood  is  much  used  in  the  West;  elsewhere 
cedar  and  chestnut,  preferably  second  growth,  are  used  in  their 
natural  condition.  Octagonal  poles  are  generally  of  hard  pine; 
sawed  poles  have  a  better  appearance  than  roimd  ones  in 
natural  condition,  but  their  life  is  shorter.  Frequent  paintings 
improve  appearances  and  prolong  life  by  keeping  water  out  of 
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checks  and  climber  holes.  Decay  is  further  retarded  by  coat- 
ing the  ground  end  of  the  poles  with  coal  tar  or  other  preserva- 
tive. The  bases  of  the  poles  are  left  untreated,  in  order  that 
they  may  absorb  moisture  and  prevent  dry  rot.  Creosote  is 
commonly  used  as  a  preservative;  but  whatever  is  used,  the 
treatment  should  extend  above  the  ground  line  where  the 
tendency  to  decay  is  most  active. 

Poles,  when  received,  should  be  sorted  and  the  best  used 
on  curves  and  as  anchors.  Table  I  gives  data  on  weights  and 
limiting  dimensions  of  wooden  poles. 

3.  Installation. — ^Wooden  poles  need  not  be  set  in  con- 
crete except  when  the  soil  is  yielding.    For  poles  from  25  to 

TABLE  I 
WOODEN    POLES 


Length 
Feet 

Net  Weight 
Pounds 

Minimum 

Circiunference 

at  Top 

Inches 

Minimum 

Circumference 

6  Feet  Prom  Butt 

Inches 

25 

325 

24 

38 

30 

460 

24 

38 

35 

600 

24 

42 

40 

710 

24 

45 

45 

1,075 

24 

48 

50 

1,375 

24 

51 

50  feet  long,  the  holes  should  be  from  5  to  7  feet  deep  depend- 
ing on  the  nature  of  the  ground.  In  construction  where  a 
span  wire  stretched  between  poles  on  opposite  sides  of  the 
street  supports  the  trolley  wire,  two  or  three  stones  jammed 
against  the  pole  butt  on  the  side  away  from  the  track  and 
two  or  three  more  near  the  mouth  of  the  hole  on  the  side 
next  to  the  track,  will  keep  the  span  wires  from  pulling  the 
tops  of  the  poles  together.  A  piece  of  timber  8  inches  by 
8  inches  by  3  feet  may  be  used  instead  of  the  stones  on  the 
track  side.    The  filler  should  be  well  tamped  aroimd  the  pole 
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dttring  the  filling,  and  the  span  wire  should  not  be  attached 
until  the  pole  is  firmly  secured  in  position.  On  straight  track 
and  where  side  brackets  on  the  poles  support  the  trolley  wire, 
poles  should  have  a  backward  rake  of  2  or  3  inches.  With 
span-wire  construction  in  yielding  soil,  the  rake  should  be 
from  8  to  12  inches,  according  to  the  land  of  pole  foimdation. 
To  get  equal  rakes  on  all  poles,  a  plimib  or  level  must  be  used. 
In  dty  work,  poles  are  placed  100  to  126  feet  apart. 


METAL    POLES 


4.  Construction. — ^The  metal  poles  used  in  dty  work 
are  usually  made  of  three  sizes  of  pipe  telescoped  together  and 
welded,  although  poles  made  of  seamless  sted  tube,  pressed- 
sted  parts  riveted  together,  and  latticework  built  up  of  struc- 


TABLE  n 
METAL    POLES 


Diameter  of  Sections 

Length 
Feet 

Weight 
Pounds 

Style  of  Pipe 

Bottom 
Inches 

Middle 
Inches 

Top 
Inches 

Standard 

Extra  heavy... 

Standard 

Extra  heavy... 

Standard 

Extra  heavy... 

Standard 

Extra  heavy... 

5 
5 
6 
6 
7 
7 
8' 
8 

4 
4 
5 
5 
6 
6 
7 
7 

3 
3 
4 
4 
5 
5 
6 
6 

27 
27 

28 
28 

30 
30 
30 
30 

350 
500 

475 

700 

600 

1. 000 

825 
1,300 

tural  steel  are  also  used.  Fig.  1  shows  a  tubular  sted  pole 
adapted  to  the  three  types  of  construction.  That  shown  in  (o) 
is  suitable  for  side-bracket  work,  that  in  (b)  for  center-pole, 
and  that  in  (c)  for  span-wire  construction.  The  method  of 
attaching  the  span  wire  to  the  pole  is  shown  in  the  detail 
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sketch.  Feeders  are  carried  on  iron  ax)ss-arms  bolted  to  the 
pole,  as  in  (c).  An  enlarged  view  of  the  top  of  the  center  pole 
is  shown  in  (d).  The  trolley-wire  hanger  is  flexibly  supported 
from  a  short  span  wire  stretched  between  brackets.  Span  wires 
are  usually  i^-inch  stranded  steel 
cable.  Table  II  gives  data  re- 
lating to  metal  poles. 

5.  Installation. — Metal 
poles  are  always  set  in  concrete, 
for  which  the  following  is  a  suitable 
composition:  Portland  cement, 
1  part;  clean  sharp  sand,  2  parts; 
clean  broken  stone,  3  parts.  The 
concrete  lagging  should  be  brought 
above  the  ground  line,  rounded  oflE 
to  shed  water,  and  its  contact  sur-  j 
face  with  the  pole  well  tarred. 


CONCRETE    POLES 

6.  Construction  and  In- 
stallation.— ^Poles  made  of  con- 
crete reinforced  by  metal  rods  are 
used  on  some  roads.  They  are 
formed  by  placing  in  a  mold  long 
iron  bars  separated  by  spacing 
pieces  and  then  pouring  in  the  con- 
crete. These  iron  rods  greatly 
strengthen  the  pole.  Some  poles 
are  made  with  the  mold  in  a  hori- 
zontal position  and  are  thoroughly 
dried  before  being  placed  in  the  hole.  Others  are  made  with 
the  mold  in  a  vertical  position  over  the  hole;  some  form  of 
elevating  device  is  then  necessary  to  lift  the  concrete  to  the 
tx)p  of  the  mold.  Concrete  poles  have  a  long  life  and  with- 
stand weather  conditions  better  than  wooden  poles. 

Fig.  2  shows  a  typical  concrete  pole  of  hollow  cross-section; 
it  is  7  inches  square  at  the  top,  14  inches  square  at  the  bottom, 
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and  is  35  feet  in  length,  6  feet  of  which  is  in  the  ground.  In 
the  sectional  view,  the  long  reinforcing  rods  are  indicated  by 
circles  and  the  spacing  pieces  are  shown  connecting  them. 
These  pieces  are  placed  at  intervals  along  the  pole.  The 
weight  without  fixtures  is  approximately  2,700  pounds.  The 
concrete  mixture  is  cement,  1  part;  sand,  2  parts;  crushed 
stone  (not  too  large  to  pass  through  a  }-inch  screen),  3  or 
4  parts. 

REPAIRS    AND    RENEW AIi9 

7.  Repairs. — ^The  life  of  tubular  steel  poles  is  not  definitely 
known  and  their  repair  is  practically  limited  to  the  results 
of  collisions.  They  are  exceedingly  tough  and  difficult  to  bend 
and  if  bent,  they  are  difficult  to  straighten.  If  badly  bent 
the  best  procedure  is  to  replace  them.  Cracked  wooden  poles 
may  be  sufficiently  strengthened  by  binding  with  tel^;raph 
wire,  the  turns  of  which  are  held  at  intervals  with  staples. 
Another  method  of  repairing  wooden  poles  consists  in  forming 
aroimd  the  affected  length  a  concrete  sleeve  reinforced  with 
steel  rods. 

8.  Renewals. — Both  metal  and  wooden  poles  are  replaced 
without  interruption  to  circuits  or  service  by  first  installing, 
alongside  the  one  to  be  replaced,  another  pole  with  cross-arms 
and  insulators  to  which  the  wires  can  be  conveniently  trans- 
ferred; the  old  fixtttres  and  pole  can  then  be  removed. 


FEEDER8 


MATERIAL 


9.  Feed^  serve  to  transmit  electric  energy  to  the  different 
sections  of  the  trolley  wire,  which  is  sometimes  called  the 
working  conductor.  Sizes  0000  B.  S.  and  smaller  feeders  are 
usually  of  solid  wire,  but  the  larger  feeders  are  of  stranded 
wire.  Either  copper  or  altunintim  cables  bare,  or  with  weather- 
proof braided  insulation,  are  used.    The  bare  altiminimi  wire 
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has  the  property  of  shedding  sleet.  Feeders,  when  installed 
in  ducts,  are  usually  in  the  form  of  stranded  cables,  insulated 
and  provided  with  an  outside  covering  of  lead. 


TYPICAL   FEEDER    LAYOUTS 

10.  The  simplest  feeder  layout  is  a  single  wire  serving 
both  as  trolley  wire  and  feeder.  With  this  arrangement  and 
a  heavy  load,  the  voltage  at  the  end  of  the  line  will  probably 
be  low.  On  some  roads,  a  cable  is  run  parallel  to  the  trolley 
wire  and  tapped  to  it  at  intervals.  Both  trolley  wire  and 
feeder  then  serve  as  outgoing  conductors. 

When  the  trolley  wire  is  divided  into  sections  insulated 
from  one  another,  an  independent  feeder  for  each  section  is 
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sometimes  nm  from  the  station;  in  other  cases,  several  feeders 
are  used  and  taps  from  each  feeder  are  tied  into  one  or  more 
of  the  troUey-wire  sections.  An  insulator  directly  connected 
to  the  ends  of  the  two  trolley  wires  serves  to  separate  the 
section.  The  shape  of  this  insulator  is  such  that  the  trolley 
wheel  may  pass  smoothly  tmder  it  from  one  trolley  wire  to 
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the  other.  In  such  cases,  if  trouble  occurs  on  a  trolley  section 
or  on  a  feeder,  only  a  portion  of  the  system  need  be  cut  out 
of  service  while  repairs  are  being  made. 

Switches  in  the  feeder  circuits  and  switches  at  the  ends  of 
the  trolley-wire  sections  allow  considerable  flexibility  in  routing 
the  current  from  one  section  of  the  road  to  another  section. 
In  case  of  trouble  at  one  substation,  the  feeders  and  trolleys 
normally  fed  by  that  substation  may  be  supplied  with  energy 
from  the  feeders  and  trolleys  of  the  adjacent  section  of  the 
road,  which  are  fed  by  another  substation. 

11.  In  Fig.  3  is  shown  the  general  layout  of  substations, 
feeders,  and  trolleys  for  a  1,200-volt,  direct-current,  interurban 
road.  The  portion  of  the  system  represented  by  the  hori- 
zontal lines  of  feeders  and  trolleys  is  a  two-track  road  with 
two  trolley  wires.  The  portion  represented  by  the  vertical 
lines  of  trolley  and  feeder  is  a  single-track  road  with  one  trolley 
wire.  By  means  of  the  trolley  switches  and  the  feeder  switches 
at  the  ends  of  the  sections,  the  sections  may  be  disconnected 
from  each  other  or  tied  together  as  desired.  With  this  arrange- 
ment, if  one  substation  is  disabled,  the  trolley  may  be  supplied 
with  current  from  lanother  substation. 


FEEDER    SECTION    SWITCHES 

12.  Feeder  Tap  Swltcli. — ^Fig.  4  shows  a  section  switch 
of  a  type  that  is  sometimes  used  to  connect  a  feeder  with 
a  trolley  section.  The  hinge  clip  of  the  switch  is  connected 
to  the  trolley  wire.  Opening  the  switch  cuts  the  trolley  sec- 
tion out  of  circuit.  A  fuse  is  sometimes  installed  in  the  switch 
box  as  shown.  The  box  is  usually  motmted  on  a  pole  near  the 
tap  point  of  the  feeder. 

13.  Feeder  Automatic  Sectionallzlng  Swltcli. — Inde- 
pendent feeder  construction  has  the  advantage  that  sections 
are  isolated  in  time  of  trouble.  Construction  in  which  all  of 
the  feeders  are  connected  together  out  on  the  line  has  the 
advantage  that  the  full  current-carrying  capacity  of  all  feeders 
is   utilized   so  that  less   feeder   conductor  is  required   and 
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overloaded  feeders  are  helped  by  the  lighter  loaded  ones.    By 
means  of  autotnatic  sectionalhing  switches  connected  to  adjacent 
ends  of   trolley  sections  the 
full  advantages  of  both  sys- 
tems are  realized. 

Fig.  5  shows  a  layout  for 
three  feeders,  in  which  one 
automatic  switch  is  shown  de- 
veloped and  another  outlined. 
Trolley  sections  o,  fc,  and  c  are 
fed  from  feeders  controlled  by 
switches  and  circuit-breakers 
^.  ^,  and  /  in  the  power  house, 
^en  circuit-breaker  /  and  its 

^tch  are  closed,  the  operat-  ^    , 

.,        ^    ,         •       .  Pic-* 

log  coil  g  of  the  relay  is  ener- 
gized through  the  path  including  the  right-hand  switch  blade  h 
and  the  ground;  the  relay  then  operates  and  connects  together 
the  two  contacts  below  it.  When  circuit-breaker  e  and  its  switch 
are  closed,  the  operating  coil  i  of  the  switch  that  bridges  the 
line  insulator  is  energized;  the  switch  contacts  shown  below 
coil  i  then  dose  and  a  conducting  path  is  formed  around  the 
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^^^sulator  between  the  ends  of  the  trolley  sections.    Current  may 
then  pass  from  one  trolley  section  to  the  next. 
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The  current  path  of  coil  i  mcludes  the  contacts  under  coil  g; 
therefore,  if  either  coil  i  or  g  is  deenergized,  the  switch  under  i 
is  operated  and  the  trolley  sections  are  separated.  If  a  short 
circuit  occurs  on  any  of  these  sections,  all  of  the  circuit-breakers 
will  open  because  the  sections  are  tied  together,  and  all  the 
automatic  switches  immediately  open  and  separate  the  trolley 
sections.  If  the  trouble  is  in  section  a,  circuit-breaker  d  will 
not  stay  closed,  but  the  other  circuit-breakers,  such  as  e  and  /, 
may  be  closed.  With  e  and  /  closed,  the  automatic  switch 
shown  on  the  right  becomes  active  and  joins  section  b  and  c, 
but  the  automatic  switch  indicated  at  the  left  is  not  active, 
because  the  left-hand  operating  coil  corresponding  to  coil  i 
of  that  switch  does  not  receive  current  when  circuit-breaker  d 
is  open.  The  automatic  switch  to  the  left  of  section  a  (not 
shown)  is  also  inactive  because  the  right-hand  operating  coil 
corresponding  to  coil  g  of  that  switch  is  deenergized;  therefore, 
trolley  section  a  is  cut  out  of  circuit. 

When  repairs  are  made  and  circuit-breaker  d  is  closed, 
the  automatic  switches  to  the  right  and  left  of  section  a  are 
closed  and  all  of  the  trolley  sections  are  again  tied  together. 


SPLICING    FEBDEBS 

14,  Copper  Wires. — Small  feeders  -of  solid  wire  may  be 
joined  by  some  form  of  Western  Union  joint  as  shown  in 
Fig.  6.  The  wires  are  twisted  together,  soldered,  and  insulated 
with  tape.  A  solution  of  resin  in  alcohol  makes  a  good  soldering 
flux  for  this  purpose. 

Large  stranded  copper  cables  may  be  joined  by  weaving 
the  strands  together  as  indicated  in  Fig.  7  (a)  and  (6).    The 

copper  joint  should 
be  soldered  by  pour- 
ing  melted  solder 
over  and  through  it. 
In  some  cases  the  joints  are  made  by  soldering  the  ends  of  the 
cables  into  a  copper  sleeve.  All  splices  should  be  taped  to  give 
insulation  equivalent  to  that  of  the  regular  insulation  on  the  wire. 
The  tape  covering  should  be  painted  with  water-proof  paint. 
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15.    Alumlnuin    Wires. — Stranded    aluminum    feeders 
may  also  be  joined  by  the  method  indicated  in  Fig.  7,  except 


Pic.  7 

soldering  is  not  required.  The  joint  is  made  as  follows: 
Remove  the  insulation  from  2  feet  of  the  ends  to  be  spliced; 
open  out  the  wires;  dean  and  straighten  them;  cut  out  a  few 
of  the  inner  strands  so  that  the  final  joint  will  not  be  too 
bulky;  place  the  cables  together  as  shown  in  Fig.  7  (a);  then 
wrap  all  of  the  strands  one  at  a  time  around  the  wires  forming 
the  core,  the  wires  of  the  two  cables  being  wrapped  in  opposite 
directions;  tape  and  paint  the  joint. 

16.  The  Mclntyre  joint  shown  in  Fig.  8  is  much  used 
on  aluminum  wires  or  cables  not  exceeding  No.  0000  B.  S.  in 
size.  The  ends  of  the  wires  to  be  joined  are  inserted  side  by 
side  into  an  aluminum  tube  and  gripped  by  a  special  tool 
having  a  groove  of  the  same  shape  as  the  tube;  the  tube  and 
contained  wires  are  then  given  from  2J  to  4  complete  twists. 


Pic.  8 


The  joint  is  easily  and  quickly  made  and  its  mechanical  strength 
and  electric  conductivity  are  good. 
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17«  On  account  of  the  stiffness  of  large  aluminum  cables, 
joints  of  the  compression  type,  one  form  of  which  is  shown 
in  Fig.  9,  are  often  used.    The  ends  of  the  cable  are  inserted 


Fig.  9 

into  a  cast  aluminum  sleeve  of  proper  size,  the  ends  butting 
together  in  the  center  of  the  sleeve.  The  sleeve  with  its 
cables  is  then  inserted  between  dies  in  a  portable  hydraulic 
jack,  and  sufficient  pressiu-e  is  applied  to  the  dies  to  cause 
the  metal  of  the  sleeve  and  the  metal  of  the  cables  to  flow 
together  into  a  solid,  homogeneous  mass.  When  tested,  the 
cable  will  be  pulled  in  two  instead  of  the  ends  of  the  cables 
pulling  out  of  the  sleeve. 

A  modified  form  of  the  joint  just  described  is  shown  in 
Fig.   10.    Terminal  pieces  of  aluminum  are  compressed  on 


Fig.  10 

the  ends  of  the  cables  at  the  isLctory.  One  terminal  has  a 
right-hand  thread  and  the  other  terminal  a  left-hand  thread. 
The  ends  of  two  cables  are  joined  by  screwing  into  the  two 
terminals  a  right-and-left-hand  threaded  stud  a,  which  draws 
the  terminals  into  firm  contact  with  the  stud. 


FEEDER    INSULATORS 

18.  Glass  insulators  may  be  used  for  feeders  of  ordinary 
size.  Fig.  11  shows  one  that  is  adapted  for  either  top  or  side 
tying.  The  top  groove  is  usually  employed  for  -straight-line 
construction  and  the  side  groove  for  curves  and  comers  where 
the  stresses  that  tend  to  break  the  insulator  are  greater. 

For  large  feeders,  insulators  of  the  type  shown  in  Fig.  12 
are  sometimes  used.    These  are  provided  with  metal  clips 
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that  are  bent  over  the  wire,  thus  holding  it  in  position.    The 
insulator  is  made  of  molded  compotmd  insulation,  the  clip 


Pig.  11  Pig.  12  Pig.  13 

forming  part  of  a  metal  shell  moimted  on  the  top  portion. 
Fig.  13  shows  a  type  of  insulator  used  for  comers  only. 
The  top  part  is  covered  by  a  metal  shell  and  the  cable  lies 
in  the  groove  at  the  lower  portion  of  this  cap. 


TROLLEY  WIRES 


MATERIAL 


19.  Trolley  wire  is  a^ually  of  hard-drawn  copper,  but  tough 
composition  wire  is  sometimes  used  on  curves  where  the  wear  is 
heavy.  The  size  is  seldom  less  than  No.  0  B.  &  S. ;  a  few  roads 
use  No.  000  or  0000  B.  &  S.,  but  No.  00  is  the  most  common  size. 

Hard-drawn  copper  has  greater  tensile  strength,  better  wear- 
ing qualities,  and  slightly  higher  resistance  than  soft  copper; 
with  a  good  feeder  system  the  trolley  carries  current  such 
short  distances  that  the  effect  of  higher  resistance  is  negligible. 

At  curves  and  at  other  places  where  there  is  heavy  wear 
and  stresses,  phono-electric  wire  is  frequently  used.  This  is  an 
alloy  wire;  its  tensile  strength  is  40  per  cent,  greater  than  that 
of  hard-drawn  copper  wire;  and  its  conductivity  is  50  per  cent, 
of  that  of  pure  copper. 
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CBOSS-SECnONS    OF   TBOLLET    WIBE8 

20.  Trolley  wire  for  moderate  car  speeds  is  usually  of 
round  cross-section,  Fig.  14  (a).  An  ear,  forming  part  "pf  a 
hanger  used  to  support  the  wire,  is  either  clamped  or  soldeied 
to  the  trolley  wire.  With  roimd  wires  there  is  some  possibility 
of  the  trolley  wheel  striking  the  edges  of  the  ear  and  temporarily 
separating  the  wheel  and  wire,  thus  causing  sparking  and 
final  destruction  of  the  hanger.  By  careful  installation,  how- 
ever, the  obstruction 
to  the  passage  of  the 
wheel  is  compara- 
jj     tively  slight. 

For  high-speed  serv- 
ice, the  under  portion 
of  the  trolley  wire 
shotdd  offer  a  per- 
fectly smooth  surface 
for  the  wheel  to  run 
on.  Fig.  14  (b)  shows  a  cross-section  of  a  wire  sometimes  used. 
The  upper  part  of  the  wire  is  gripped  by  the  damp  ears  o, 
leaving  the  lower  part  b  unobstructed. 

Fig.  14  (c)  shows  a  standard  form  of  grooved  trolley  wire 
for  high-speed  work.  It  is  supported  by  clamp  ears  a  that  fit 
into  grooves  6.  The  imder  portion  of  the  wire  is  unobstructed 
and  the  trolley  wheel  passes  smoothly  under  the  hanger. 


e^ 


Pig.  14 


(c) 


SPLICING    TROLLEY    WIBB8 

21.  Trolley-wire  splices  must  be  strong  enough  to  stand 
heavy  mechanical  stresses  and  must  offer  minimtim  obstruc- 
tion to  the  passage  of  the  trolley  wheels.    The  most  common 


Fig.  16 


form  of  splice.  Fig.  15,  is  made  with  a  tapered  tinned  brass 
sleeve;  the  wires  enter  at  each  end  and  are  bent  up  through 
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the  openings  a;  the  remaining  space  is  then  sweated  full  of 
solder  and  the  ends  of  the  wires  trimmed. 

Fig.  16  shows  a  form  of  mechanical  splicing  sleeve  especially 
adapted  to  temporary  or  emergency  work.  The  wires  are  held 
by  the  steel  wedges  a.  This  sleeve  has  requisite  strength  and 
conductivity,  but  offers  more  obstruction  to  the  under  running 
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trolley  wheel  than  does  the  soldered  splice.    The  sleeve  splice 
may  be  made  anywhere  on  the  wire  circuit. 

Some  forms  of  hanger  ears  that  are  used  to  support  the 
wire  also  serve  to  connect  the  ends  of  two  adjacent  pieces 
of  trolley  wire  as  explained  later.  This  form  of  splicing  device 
is  used  only  at  the  point  of  support  of  the  wire. 


TYPES    OF   TROLLEY- WHtB   SUSPENSION 

22.    Span- Wire  Construction. — In  Fig.  17  is  shown  a 
form  of  suspension  known  as  the  span-wire  construction. 


MstMtft^  ^>fit  tucJUf 
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Fig.  17 


Steel  span  wires  are  supported  from  poles  located  on  opposite 
sides  of  the  roadbed,  or  street,  and  the  trolley  wire  is  suspended 
from  the  span  wires  by  means  of  insulated  hangers.    In  case 
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of  double  track,  two  hangers  on  the  same  span  wire  are  used; 
each  hanger  supports  a  wire  over  the  center  of  its  track. 
Feeder  cables  are  often  supported  on  cross-^ums  placed  on  the 
poles  as  indicated  in  Fig.  17. 

23.    Center-Pole  Construction* — Center-pole  construc- 
tion is  adapted  to  wide  streets  where  the  poles  will  not  interfere 


Fig.  18 

with  traffic;  it  is  much  used  on  interurban  roads.  Fig.  18 
shows  one  type  of  center-pole  construction,  in  which  yellow- 
pine  octagonal  poles  are  set  in  concrete  and  a  No.  000  trolley 
wire  is  suspended  20  feet  above  the  center  of  each  track. 
The  hangers  are  attached  to  small,  stranded-steel,  span  wires, 
which  make  the  suspensions  flexible  and  receive  the  blows  of 
the  trolley  wheel  as  it  passes  under  the  hangers;  the  life  of  the 
overhead  rigging  is  thus  extended. 
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24.  Side-Bracket  Construction. — Side-bracket  con- 
struction is  often  used  when  the  track  is  on  one  side  of  the 
street.  Fig.  19  shows  one  type  of  side-bracket  construction. 
In  this  case  two  trolley  wires  are  used.  Cars  going  in  one 
direction  use  one  wire  and  in  the  opposite  direction,  the  other 
wire.  At  a  turnout,  which  is  a  short  length  of  double-track 
construction,  one  of  the  two  wires  is  led  to  a  position  over 
one  track  and  the  other  wire  to  a  corresponding  position  over 
the  other  track.  Feeders  are  carried  on  cross-arms  and  the 
local  feeder  is  tapped  to  the  trolley  wires  by  the  conductor  a. 
A  lightning  arrester  b  is  provided  at  intervals  and  is  connected 
between  the  feeder  tap  and  the  ground  wire  c.  Telephone 
wires  are  installed  on  brackets  d. 


TROLLEY-WIBB    ERECTION 

25.  When  a  dead  trolley  wire  is  to  be  erected,  it  is  generally 
unreeled  under  the  span,  wires  in  the  middle  of  the  track  and 
tied  with  temporary  tie  wires  to  the  span  wire.  The  wire  is 
then  put  imder  tension  and  permanently  fastened  to  the 
hangers. 

When  a  live  trolley  wire  is  to  be  erected,  the  reel  is  often 
motmted  on  a  flat  car  pushed  ahead  of  the  construction  car. 
The  wire,  which  is  put  imder  tension  by  means  of  the  forward 


Pig.  20 

movement  and  by  brakes  on  the  reel,  is  immediately  fastened 
pemtanently  to  the  suspension  insulators  on  the  span  wire. 

26.  Typical  Tangent  Construction. — Fig.  20  shows  a 
common  arrangement  of  span  wires  and  trolley  wires  for  a 
double-track  road.  The  poles  p  are  spaced  about  126  feet 
apart  along  the  road  and  between  opposite  poles  are  stretched 
the  span  wires  s.    Anchor  wires  a  are  provided  at  intervals  of 
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about  500  feet  on  straight  track  and  at  the  approach  of  curves, 
to  hold  the  trolley  wire  in  place  and  to  prevent  tearing  it 
from  the  hangers  if  it  breaks.    The  trouble  due  to  the  break 


(d) 


M 
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will  be  localized  to  the  length  of  trolley  wire  between  the 
two  adjacent  anchor  points,  as  the  trolley  wires  to  the  other 
sides  of  these  points  remain  firmly  supported. 

27.     Typical     Curve     Construction. — Fig.     21     shows 
methods  of  securing  the  trolley  wire  at  curves.     In  (a)  is 
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shown  an  arrangement  of  guy  wires  g,  called  ptdl^fver  wires, 
from  a  single  pole  p  to  the  trolley  wire  t  Strain  insulators 
are  shown  at  k.  The  straight  portion  of  the  wire  at  the  ends 
of  the  ciu^e  is  held  in  place  by  anchor  wires  a. 

In  (6)  is  shown  a  flexible  method  of  suspension.  A  large 
span  wire  ^  supports  the  guy  wires;  this  construction  tends 
to  equalize  the  stresses  on  the  span  wires  and  it  is  quite  generally 
adopted. 

A  method  of  suspension  for  a  double  curve  is  shown  in  (c). 
In  (d)  is  shown  a  method  of  suspension  used  for  the  two  trolley 
wires  of  a  two-track  construction.    The  pull-over  wires  are 

connected  to  two  heavy  span  wires 
and  the  pulls  are  made  nearly  at 
right  angles  to  the  trolley  wires. 

28.  Offset  in  Trolley  Wire 
at  Curves. — In  roimding  a  curve, 
the  trolley  wire  does  not  follow  the 
track  center  line  but  is  shifted 
toward  the  inside  rail  of  the  curve; 
the  distance  depends  on  the  radius 
of  the  curve.  The  offset  from  the 
track  center  line  is  indicated  in 
Fig.  22,  in  which  the  curve  r  is  the  track  center  line  and  t  the 
path  of  the  trolley  wire.  A  set  of  values  for  the  offset,  indicated 
in  Fig.  22  by  the  distance  between  the  arrows,  and  measured 
at  the  middle  of  a  curve  of  9(f  arc,  is  given  in  Table  III. 
These  values  may  be  modified  to  suit  operating  conditions. 

The  offset  allows  the  trolley  wheel  to  follow  better  the 
curve  of  the  trolley  wire  than  it  would  be  if  the  wire  followed 
the  track  center  line.  This  feature  decreases  the  amoimt  of 
wear  on  the  trolley  wheel  and  the  wire  at  curves  and  the  tendency 
of  the  wheel  to  climb  off  the  wire. 

29.  Trolley- Wire  Tension. — ^Wire  strung  in  hot  weather 
must  be  allowed  more  sag  than  wire  strung  in  cold  weather, 
otherwise,  contraction  may  break  the  wire  or  strain  the  whole 
overhead  construction.  A  range  of  8(f  F.  between  summer 
and  winter  temperatiu-es  corresponds  to  a  variation  of  nearly 
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4  feet  a  mile  in  the  length  of  the  trolley  wire.  For  a  125-foot 
span  of  No.  0  wire  installed  with  a  tension  of  2,000  pounds, 
the  sag  at  the  center  of  the  span  should  be  3.8  inches;  for  a 


TABLE  ni 
OFreET    IN    TBOLLET    WIRE 


Radius  of 
Curve 
Feet 

Offset 
Inches 

Radius  of 
Curve 
Feet 

Offset 
Inches 

40 

16 

100 

6 

50 

13 

120 

5 

60 

12 

150 

4 

80 

8 

200 

3 

tension  of  1,500  pounds,  5  inches;  for  750  pounds,  9.5  inches; 
for  500  pounds,  15  inches.  It  has  been  recommended  that  for 
localities  where  the  temperature  does  not  fall  below  —  20*  F., 
the  sag  should  equal  three-fourths  of  1  per  cent,  of  the  length 
of  the  span  when  the  wire  is  strtmg  at  the  ordinary  temperature 
of  60*  to  65**  P.  Experience  has  shown  that  for  a  125-foot 
span  if  a  sag  of  125Xl2X.0075  =  lli  inches  is  allowed,  the 
sag  in  the  wannest  weather  will  not  exceed  15  inches. 

30.  Bpcui  Wires. — Span  wire  is  usually  of  galvanized 
iron  or  of  steel;  a  common  size  is  ^V  i^ch  in  diameter  and 
composed  of  seven  strands  of  No.  12  B.  W.  G.  In  heavier 
construction,  f-inch  cable  composed  of  seven  strands  of  No.  11 
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Tro/ZsyWire 
Pig.  23 

B.  W.  G.  is  used.  Solid  span  wire  is  not  recommended,  but  if 
used,  should  in  no  case  be  smaller  than  No.  1  B.  &  S.  for  No.  0 
trolley  wire.    Span  wires  shotdd  be  so  placed  that  the  trolley 
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wire  will  be  from  19  to  20  feet  above  the  top  of  the  track 
rails.  At  steam-railroad  crossings  it  may  be  necessary  to  place 
it  higher  and  under  elevated  structures,  lower  than  19  feet. 

31«  Guard  Wires. — ^When  guard  wires  are  used,  they 
are  generally  in  pairs  suspended  from  a  separate  span  wire; 
each  guard  wire  is  located  about  18  inches  above  and  to  one 
side  of  the  trolley  wire,  as  shown  in  Fig.  23,  to  prevent  telephone 
and  other  wires  from  falling  on  the  trolley  wire.  No.  6  or 
No.  8  B.  W.  G.  wire  with  weather-proof  insulation  is  commonly 
used  for  this  purpose.  The  installation  of  guard  wires  has 
ceased  to  be  standard  practice  except  in  special  cases  such, 
for  example,  as  at  the  crossing  of  high-tension  wir^  over  the 
trolley  wire,  because  their  expense  is  out  of  proportion  to 
their  utility,  except  under  special  conditions. 


AUXILIARY    TBOLLET-WIBB    DEVICES 

32.  Span- Wire  Insulators. — The  trolley  hangers  are 
so  made  as  to  provide  insulation  between  span  wire  and  trolley 
wire,  except  when  the  hanger  itself  forms  part  of  a  tap  circuit 
from  feeder  to  trolley.  With  wooden  poles,  the  hanger  insula- 
tion is  sufficient;  with  iron  poles,  one  and  sometimes  two 


(<^)  Pig.  24  W 

span-wire  insulators  are  usually  connected  to  the  span  wire 
between  each  iron  pole  and  the  hanger,  in  order  to  improve 
the  insulation  of  the  circuit. 

Fig.  24  illustrates  a  span-wire  Insulator,  which  is  com- 
monly known  in  the  trade  as  a  strain  Insulator,  view  (a) 
showing  the  exterior  and  view  (6)  the  interior  construction. 
The  span  wires  are  attached  to  metal  eyes  a,  and  these  are 
insulated  from  each  other  by  sheet  mica  and  by  the  molded 
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insulation  which  covers  all  of  the  device  except  the  eyes. 

The  metal  parts  within  the  insulation  are  so  interlocked  as 

to  withstand  the 

stress  to  which  they 

are  subjected  by  the 

span  wire  without 

pulling  apart. 

Fig.  25  shows  an 
insulated  tumbuckle  ^°*^ 

that  may  be  used  to  tighten  and  to  insulate  the  span  wire  for 
construction  using  iron  poles.  Fig.  17  shows  two  of  these  turn- 
buckles  in  place  on  the  span  wire. 


Pig.  26 

33.    Suspensions. — In  general,  suspensions,  or  hang- 
ers, consist  of  a  body  casting,  which  is  attached  to  the  span 

wire,  an  ear,  which 
grips  or  is  soldered  to 
the  trolley  wire,  and 
insulation  between  the 
ear  and  the  body  cast- 
ing. Fig.  26  shows  a 
common  form  of  sus- 
pension with  the  ear 
removed.  The  body 
casting  is  shown  at  o, 
a  screw  cap  that  holds 
the  insulated  bolt  in 
pj^  27  position  at  6,  the  in- 

sulated bolt  that  holds 
the  ear  at  c,  and  the  grooved  arms  that  hold  the  hanger  in 
place  on  the  span  wire  at  d. 
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Fig.  27  is  a  sectional  view  of  a  body  casting  of  a  suspension 
very  similar  to  Fig.  26.    The  insulated  bolt  a  is  provided 


with  molded  insulation  6,  and  is  held  in  place  by  the  cap  c; 
the  bolt  may  be  removed  by  taking  oS  the  cap. 

34.    The  ears  are  made  in  many  forms  to  suit  the  special 
work  for  which  they  are  intended.    Fig.  28  shows  a  few  of 
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these  fonns.    The  plain  ear,  Fig.  28  (a),  is  used  for  straight, 

or  tangenty  work;  the  strain  ear,  (6),  to  take  anchor  wires  from 

both    directions    as   in 

Fig.  20;  the  strain  ear, 

(c),  to  take  anchor  wires 

from  one  direction  as  in 

Fig.  21   (a);  the  feeder 

ear,  (d),  to  take  the  tap 

wire  from  the  feeder  to 

the  trolley  hanger;  the  splicing  ear,  (e),  to  serve  shntiltaneously 

as  a  hanger  and  splice  in  which  the  abutting  ends  of  the  two 

trolley  wires  pass  up  through  the  openings  and  are  bent  back; 
the  clamp  ear,  (J),  to  clamp  the  trolley 
wire  and  hold  it  without  the  tise  of 
solder.  All  of  the  ears  shown,  ex- 
cept (/),  are  to  be  soldered  to  the  trol- 
ley wire. 


Fig.  so; 


35.  When  constructing  a  curve, 
suspensions  of  the  type  shown  in 
Figs.  29  and  30  are  used;  the  first  for  construction  with  a  single 
trolley  wire,  and  the  second  for  construction  with  two  trolley 
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wires  in  cases  where  a  span  wire  or  a  pull-over  wire  must  be 
attached  to  each  side  of  the  suspension.  Methods  of  using  sus- 
pensions of  this  type  are  indicated  in  Fig.  21. 


Pig.  32 


The  metal  castings  for  hangers  may  be  of  malleable  iron 
or  of  brass;  soldered  ears  are  of  brass;  and  clamp  ears  are 
usually  of  malleable  iron,  but  may  be  stampings. 
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36.  Frogs. — ^Where  a  line  branches  or  at  draw  bridges, 
overhead  switches  or  ftogs  are  used  to  guide  the  trolley 
wheel  from  one  trolley  wire  to  another.  Fig.  31  shows  the 
under  side  of  a  two-way  V  frog  and  Fig.  32,  a  frog  of  the 


Pig.  33 

¥  type  in  its  proper  position.  The  span  wires  are  attached 
at  a  and  the  trolley  wires  are  held  by  clamps  b.  Frogs  are 
also  made  for  a  right-  or  a  left-hand  turnout  from  a  continuous 
straight  track. 

Fig.  33  shows  a  form  of  frog  used  at  drawbridges.  When 
the  bridge  is  closed,  a  rib  on  the  tmderside  of  the  frog  is  in 
line  with  a  similar  rib  on  the  adjacent  frog,  and  large  contact 
surfaces  on  the  two  frogs  engage  and  complete  the  circuit. 
Mechanical  fastenings  for  the  trolley  wires  are  desirable, 
because  they  allow  the  frogs  to  be  adjusted  by  trial  for  proper 
position.    If  a  frog  is  level,  the  wheel  will  probably  follow  the 

car;  if  the  frog  sags  to 
one  side,  the  wheel  is 
liable  to  be  thrown  off 


y  ^--^'b  ^  V     X the  wire 


37.  Locating  a 
Pig.  34  ^  \  \  Frog. — A  method  for 
determining  the  posi- 
tion of  a  frog  in  the  overhead  work,  indicated  in  Fig.  34,  is 
as  follows:  From  switch  point  a  draw  a  line  to  the  center 
point  b  of  frog  distance  c  d,  and  from  switch  point  c,  draw  a 
line  to  the  center  point  e  on  arc  aed.  The  intersection  of 
these  two  lines  at  /  indicates  the  location  of  the  trolley  frog. 
The  lines  may  be  laid  out  on  the  ground,  the  intersection 
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found,  and  a  plumb-bob  used  to  locate  the  frog  on  the  wire 
above  the  intersection.  Slight  adjustment  of  the  position  of 
the  frog  may  be  made  by  the  tumbuckles  on  the  span  wires. 

38.    Crossings. — ^At  the  intersection  of  two  trolley  lines, 
a  device  called  a  crossing,  or  cross-over,  is  installed.    Fig.  35 


shows  two  forms,  (a)  for  a  right-angle  crossing  and  (6)  an 
adjustable  crossing  for  any  angle  between  3(f  and  9(f .  Fig.  36 
shows  a  right-angle  crossing  in  which  the  conducting  circuits 
are  insulated  by  hardwood;  this  crossing  is  used  where  the 
two  circuits  are  to  be  kept  electrically  separate. 

39.    Section  Insulators.— Section  insulators  are  placed 
between  two  trolley  wire  sections  that  are  fed  by  separate 
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Fig.  36 


feeders  or  from  separate  taps  of  the  same  feeder;  they  are 
also  called  line  circuit-breakers  or  line  breakers. 

Fig.  37  shows  a  type  of  line  breaker  suitable  for  attachment 
to  the  body  casting  of  a  hanger  that  is  connected  to  the  span 
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wire.  The  direct  line  of  the  trolley  wire  is  maintained  by  a 
hardwood  runway,  which  also  serves  to  insulate  the  two 
trolley  wire  sections. 

40.  Requirements  of  Line  Devices. — ^The  main  require- 
ments of  all  line  devices  are  durability,  simplicity,  and  strength. 
The  line  and  its  devices  must  be  capable  of  withstanding 


Pic.  37 

violent  blows  from  trolley  poles  that  may  fly  ofiE  under  a 
tension  of  20  to  30  pounds  when  the  cars  are  going  25  to 
40  miles  per  hour.  All  insulation  must  be  good,  for  while  the 
leakage  current  over  one  insulator  may  be  small,  that  over 
htmdreds  may  be  considerable  and  the  higher  the  voltage  the 
greater  the  energy  loss  corresponding  to  a  given  leakage  cur- 
rent. The  lines  should  be  systematically  inspected  for  minor 
faults,  which  can  be  remedied  before  they  become  serious. 


TAPPING    IN    FEEDERS 

41.  Copper  Feeders, — ^Fig.  38  shows  a  method  com- 
monly used  to  connect  a  copper  feeder  to  the  trolley  wire. 
One  end  of  a  piece  of  solid  or  stranded  weather-proof  wire 
(No.  00  to  0000)  is  tapped  on  to  the  feeder,  and  the  other  end 
is  passed  through  the  eye  of  strain  insulator  a,  given  a  few 


turns  around  itself,  and  attached  to  one  end  of  strain  insulator  b. 
Insulator  b  is  always  placed  far  enough  from  the  trolley  hanger 
to  escape  blows  in  case  the  trolley  wheel  flies  off  the  wire, 
and  in  some  cases  is  placed  near  the  pole  on  the  opposite  side 
of  the  street  from  the  feeder.    When  placed  as  shown  in  Fig.  38, 
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oFdinary  sted  wire  is  used  for  the  balance  of  the  span  from  b. 

The  insulation  is  removed  from  the  feed-wire  at  the  point 

where   the   trolley-wire 

hanger  is  attached. 

The  hanger  has  no  in-  r 

sulation  between  the  '■ 

body   casting  and    the 

ear  and  is  soldered  to 

the  copper   span  wire. 

Sometimes  an  insulated 

hanger  is  used  and  the 

tap  is  connected  to  an  f 

ear  of  the  form  shown  in 

Fig.  28  ((f).    The  feeder 

and  trolley  wire  are  thus 

electrically  connected. 

For    connecting    the 
tap  wire  to  the  copper 
feeder,    any   one  of   a 
number  of  tap  joints  may  be  used.    In  Fig.  39  (a)  and  (6), 
the  tap  wire  is  skinned,  the  strands  straightened,  cleaned^ 
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halved,  and  the  two  groups  of  wires  woimd  in  opposite  direc- 
tions aroimd  the  feeder.     In  Fig.  40,  the  strands  of  the  tap 


Fig.  41 


wire  are  not  separated  and  are  woimd  on  the  feeder.     In 
Fig.  41,  the  tap  wire  is  bound  to  the  feeder  by  a  wrapping 
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wire.    The  last  two  methods  may  be  applied  to  either  solid 
or  stranded  conductors.     In  all  cases,  the  joint  is  soldered, 

trimmed,  tinned,  taped,  and  given 
a  thick  coat  of  weatherproof  var- 
nish. 

42*     Aluminum  Feeders. 

Copper  tap  wires  are  usually  em- 
ployed for  aluminimi  feeders,  and 
^^^•^^  are  soldered  or  clamped  to  them. 

When  soldering,  the  feeder  cable  should  be  kept  warm  and  its 
surface  brightened  by  scratching. 

Fig.  42  shows  a  form  of  clamp  used  to  connect  an  aluminiun 
feeder  to  a  tap  wire.  All  parts  are  of  aluminimi  and  the  lug 
into  which  the  copper  tap  wire  is  soldered,  or  in  some  cases 
clamped,  forms  a  part  of  the  clamp. 


LINE  LIGHTNING  ARRESTERS 

43.  The  overhead  distributing  system  of  an  electric  railway 
should  be  protected  by  lightning  arresters  disposed  at  least 
five  to  the  mile  and  effectively  grounded  to  the  rails.  Line 
arresters  are  similar  to  those  used  in  station  work,  except 
that  they  must  either  be  housed  or  adapted  to  exposiire.  The 
connections  of  a  line  arrester  are  indicated  in  Fig.  19  near  b. 


CATENARY  LINE  CONSTRUCTION 

44.  For  high-speed,  high-potential,  railway  work,  the 
ordinary  overhead  construction  is  not  suitable.  In  such  con- 
struction, the  trolley  wire  sags  between  supports  and  is  lifted 
and  bent  as  the  trolley  passes  under  it.  Moreover,  the  insula- 
tion of  500-  or  600-volt  line  construction  is  insufficient  for  the 
high  voltages  sometimes  used  in  alternating-current  railway 
work.  To  meet  the  requirement  of  high-speed  railroading  and 
high-voltage  insulation,  the  catenary  line-construction  system 
was  introduced. 
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SINOLB-CATENART    CONSTRUCTION 

45.  In  the  singrle-catenary  construction,  shown  in 
Fig.  43,  a  x^-inch,  seven-stranded,  galvanized-steel  cable  a, 
called  a  messenger  cable,  is  supported  by  bracket  constructioil 
from  poles  on  one  side  of  the  track  or  from  span  wires  between 
poles  on  opposite  sides  of  the  track.  The  trolley  wire  b  is 
suspended  from  the  messenger  cable  by  means  of  iron  hangers  c 


Pig.  43 

of  proper  lengths  to  maintain  the  wire  at  a  uniform  height 
above  the  track.  The  contact  shoe  of  the  pantagraph  trolley 
attached  to  the  roof  of  the  car  or  the  locomotive  slides  smoothly 
under  the  wire  and  will  cause  it  to  move  but  slightly.  Either 
wheel  trolleys  or  sliding  contact  shoes  are  used  in  this  system 
of  overhead  construction.  The  messenger  cable,  being  con- 
nected electrically  as  well  as  mechanically  to  the  trolley  wire, 
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serves  as  an  auxiliary  conductor.  Both  the  cable  and  the 
trolley  wire  are  insulated  from  the  brackets  and  poles  by  means 
of  either  porcelain  or  wooden  insulators. 

Distances  of  from  125  to  175  feet  between  supporting  poles 
are  permissible  with  this  type  of  troUey-wire  suspension.  In 
case  the  trolley  wire  breaks,  it  cannot  fall  to  the  ground  because 
of  the  short  distance  between  hangers. 

Fig.  44  shows  one  form  of  hanger,  three  or  more  of  which 
are  commonly  used  between  pole  supports  on  single-catenary 
construction.  The  bronze  ear  is  clinched  on  the  grooved 
trolley  wire;  the  hanger  rod,  which  is 
screwed  into  the  ear,  has  its  upper  por- 
tion formed  into  a  loop  through  which 
the  messenger  wire  passes.  When  the 
trolley  of  a  car  moves  under  the  hanger, 
the  trolley  wire  and  hanger  may  move 
upwards  a  short  distance  without  lift- 
ing the  messenger  wire.  Tendency  to 
bend  the  trolley  wire  dose  to  the  hangers 
is  thereby  lessened. 

46.    Bracket    Construction. — A 

bracket  for  straight  single   track    is 
shown  in  Fig.  45,  in  which  a  bracket 
arm  a  carries  an  insulator  b  on  which  is 
°'**  a  messenger  wire  c  that  supports  the 

trolley  wire  d  by  means  of  hangers  e. 

The  messenger  wire  sags  between  the  supporting  poles, 
but  the  trolley  wire,  being  supported  by  the  hangers,  main- 
tains almost  the  same  height  above  the  track  throughout  its 
length.  The  trolley  wire  is  supported  about  17  inches  below 
the  messenger  cable  at  the  poles,  and  the  distance  between 
the  messenger  cable  and  the  trolley  wire  gradually  decreases 
toward  the  center  of  the  span  between  the  poles. 

47.  Single  brackets  for  curves  on  single  track  with  the 
poles  on  the  inside  of  the  curves  are  shown  in  Fig.  46.  Exten- 
sions of  the  bracket  arms  support  a  span  wire  called  a  back- 
bone wire,  to  which  pull-off  bridles  attached  to  the  top  and 
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bottom  of  the  hangers  are 
fastened.  The  trolley  and  mes- 
senger wires  are  thus  made  to 
conform  approximately  to  the 
curve  of  the  track. 

When  the  poles  are  on  the  out- 
side of  the  curve,  the  span  wire 
is  supported  by  the  pojes,  the 
bracket  extensions  are  omitted, 
and  the  pull-off  bridles  are  con- 
nected between  the  hangers  and 
the  span  wire. 

Fig.  47  shows  a  method  of 
construction  for  a  double-track 
curve  with  double  brackets  pro- 
vided with  extensions  at  one 
end  that  support  a  backbone 
wire  to  which  the  puU-off  bridles 
from  both  sets  of  trolley  and 
messenger  wires  are  attached. 

On  curves  of  large  radius,  and 
at  intervals  of  about  440  feet  on 
a  straight  track,  a  supplemental 
rod  made  of  hardwood  is  at- 
tached to  the  bracket  arm  at  one 
end  and  to  a  damp  secured  to 
the  trolley  wire  at  the  other  end, 
as  shown  in  Fig.  48,  thus  serving 
to  keep  the  catenary  structure  in 
an  upright  position.  A  bracket 
thus  equipped  is  called  a  steady- 
strain  bracket. 

Fig.  49  shows  another  method 
of  holding  the  m;issenger  wire  and 
trolley  wire  in  the  same  vertical 
plane.  The  messenger  wire  a  is 
supported  on  an  insulator 
mounted  on  the  bracket.    The 
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trolley  wire  b  is  supported  on  a  short  span  wire  between  the 
pole  and  the  end  of  the  bracket  arm. 

48.    Feeder  Tap  for  Bracket  Construction. — Fig.  50 
shows  a  method  of  connecting  the  feeder  tap.    One  end  of 
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the  tap  wire  is  connected  to  the  feeder,  the  wire  supported 
by  insulators  on  the  pole  and  bracket  arm,  and  its  other  end 
connected  to  a  clamp  on  the  trolley  wire. 
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49.  Bracket  Anchor  Construction. — Both  messenger 
and  trolley  wires  should  be  anchored  every  i  mile  for  straight 
track  and  at  all  approaches  to 

curves.    Fig.  51  shows  one 

method  of  anchoring  for  bracket 

construction.      Anchor     bridles, 

attached  to  the  end  of  a  bracket 

but  insulated  from  it,  are  clamped 

to  both  the  trolley  wire  and  the 

messenger  wire,  and  the  bracket  ^^'  ^ 

is  guyed  to  adjacent  poles  each  way.    In  some  cases,  these 

bridles  are  fastened  to  pull-off  hangers  instead  of  to  separate 

clamps. 

50.  Span-Wire  Construction  and  Anchorage  on 
Straight  Track. — Fig.  52  shows  a  method  of  span-wire  con- 
struction and  anchorage  used  for  straight  tracks.  The  messen- 
ger wire  is  supported  by  a  loop  at  the  lower  end  of  an  insulated 
hanger,  one  type  of  which  is  shown  in  Fig.  53.  The  trolley 
wire  is  supported  by  hangers  from  the  messenger  wire  as  shown 
in  Fig.  52.  The  method  of  anchoring  the  wires  is  shown  near 
the  middle  pair  of  poles.  Fig.  52. 

In  order  to  preserve  the  alinement  of  the  messenger  and 
trolley  wires,  bridles.  Fig.  54,  are  connected  at  intervals  between 
backbone  wires  and  the  top  and  bottom  of  pull-off  hangers. 
The  backbone  wires  are  connected  between  adjacent  poles. 

51.  Span- Wire    Construction     on     Curved    Track. 

Fig.  55  shows  span-wire  construction  for  curved  double  tracks. 


^en^er  HO'rB 
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The  poles  to  which  the  backbone  wires  are  connected  are  on 
the  outside  of  the  curve  and  are  guyed,  in  order  to  withstand 
better  the  stresses  of  the  pull-off  bridles. 
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52.  Span-Wire  Construction  With  Bridges  on 
Curved  Tracks. — Span-wire  construction  for  curved  double 
tracks  where  bridges  are  used  instead  of  poles  is  shown  in 
Fig.  56.  The  upper  of  the  two  messenger  wires  for  each 
trolley  wire  is  supported  on  insulators  at  the  top  of  the  bridges 


Fig.  65 

and  is  clamped  to  the  lower  messenger  wire.  The  trolley  wire 
is  supported  by  span  wires  at  the  bridges  and  by  hangers 
from  the  lower  messenger  wire  between  the  bridges.  The 
pull-ofiE  bridles  are  connected  to  lattice  poles  placed  at  points 
between  the  bridges  and  on  the  outside  of  the  curve. 


DOUBLE-CATENABT    CONfirFBUCTION 

53.  A  form  of  double-catenary  construction  is  used  to  a 
limited  extent,  notably  on  a  portion  of  the  main  line  of  the 
New  York,  New  Haven,  and  Hartford  Railroad.  It  is  more 
expensive  to  install  than  the  single-catenary  system,  but  holds 
the  trolley  wire  from  swaying  better  than  the  single-messenger 
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wire  construction.  Steel  bridges  spanning  the  tracks,  or  a  form 
of  substantial  span  construction  from  lattice  poles  on  the 
sides  of  the  roadbeds,  support  the  messenger  wires  a,  Fig.  57. 
Triangular  hangers  support  conductor  fc,  and  to  this  is  connected 
the  trolley  wire  c  by  means  of  short  hangers  d.  The  hangers  d 
are  placed  midway  between  the  hangers  supporting  wire  6, 
thus  allowing  a  slight  vertical  movement  of  the  wires  h  and  c 
with  but  little  change  in  position  of  the  catenary  system  as 
a  whole. 

54.    Adjacent  to  and  tmder  low  bridges,  double-arm  dips 
connected  to  the  lower  hangers  support  the  two  conductors  h 


Fig.  67 

"and  c  of  Fig.  57  in  the  same  horizontal  plane,  as  shown  in 
Fig.  58. 

At  intervals  are  provided  anchor  bridges  to  which  the  ends  of 
the  messenger  cables  are  securely  fastened  through  massive 
insulators. 

55.  At  the  ends  of  trolley  sections,  the  two  trolley  wires, 
about  16  inches  apart,  are  run  parallel  for  a  short  distance, 
but  are  insulated  from  each  other.  The  broad  sliding  shoe 
on  the  type  of  trolley  used  makes  contact  with  the  wire  of 
one  section  before  breaking  contact  with  that  of  the  other 
section. 

56.  To  insure  that  the  sliding  trolley  shoe  will  pass  smoothly 
over  the  junction  of  the  main  trolley  wire  and  turnout  trolley 
wire,  deflector  wires  are  placed  in  the  angle  formed  by  the 
two  wires,  as  shown  in  Fig.  59,  in  which  the  two  trolley  wires 
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are  shown  at  a  and  the  deflector  wires  at  b.    The  illustration 
shows  the  junction  of  the  trolley  wires  of  a  single-  and  a  double- 


FiG.  50 


catenary  system.    When  wheel  trolleys  are  used  exclusively, 
the  deflector  wires  are  imneoessary. 


HINTS    ON    INSTALLATION 

57.  When  wheel  trolleys  are  used  and  the  speed  of  the 
car  is  from  40  to  50  miles  per  hour,  three  hangers  between 
messenger-wire  supports  usually  result  in  satisfactory  service. 
The  number  of  hangers  may,  however,  be  from  two  to  eleven 
according  to  the  length  of  the  span,  the  weight  of  wire  to  be 
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supported,  the  kind  of  trolley  used,  and  the  speed  of  the  car. 
The  greater  the  number  of  hangers,  the  less  the  sag  in  the 
trolley  wire,  and  the  straighter  the  trolley  wire  for  a  given 
tension  applied  to  it. 

58.  Tension  of  Wires. — If  the  messenger  and  trolley 
wires  in  the  single-catenary  construction  are  installed  with  cor- 
rect tensions,  the  wires  tend  to  keep  in  the  same  vertical  plane. 
With  insufficient  messenger  tension,  the  upward  pressure  of  the 
trolley  wheel  acting  through  the  trolley  wire  and  the  hangers 

TABLE  IV 
MESSENGER    AND    TBOLLET-WIBE   TENSIONS 


Temperature 

Messenger-Wire 
Tension 

Trolley-Wire  Tension 

D^:reesF. 

Pounds 

Pounds 

lO 

3.400 

3.620 

20 

3.160 

3.360 

30 

2,930 

3.100 

40 

2,680 

2,850 

50 

2,400 

2,600 

60 

2,200 

2,340 

70 

2,000 

2,100 

80 

1,890 

1,840 

90 

1,780 

1,600 

100 

1,690 

1.340 

will  force  the  messenger  wire  to  one  side,  thereby  allowing  an 
increase  in  the  upward  deflection  of  the  trolley  wire  and  making 
the  wheel  liable  to  strike  an  ear.  This  may  also  occur  when  the 
trolley  wire  is  too  slack,  for  then  the  upward  pressure  of  the 
wheel  rotates  the  trolley  wire  arotmd  the  messenger  as  a  center. 
Correct  tension  for  messenger  and  trolley  wires,  to  obtain 
proper  sag  in  the  messenger  wire,  has  been  determined  for 
the  usual  temperature  variations  and  span  lengths.  Table  IV 
gives  data  for  a  150-foot  span  and  for  No.  0000  grooved  trolley 
wire  hung  from  iV-i^ch  steel  messenger  cable. 


Digiti 


ized  by  Google 


46 


ELECTRIC-RAILWAY 


§18 


59.  Lengths  of  Hangers. — The  messenger  cable  should 
be  installed  with  uniform  tension  throughout  its  length,  there- 
fore the  short  span  should  have  less  sag  than  the  long  ones. 
For  this  reason  definite  line-pole  spadngs  have  been  adopted 
and  the  lengths  of  the  hangers  proportioned  accordingly. 

Fig.  60  indicates  the  hanger  lengths  used  in  three-point  con- 
struction for  spans  varying  from  80  to  150  feet.  These  lengths 
are  based  on  the  asstunption  that  the  maximum  distance 
between  the  messenger  cable  c  and  the  trolley  wire  d,  Fig.  45, 

is  22*  inches   at  the 

IS 
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35 ft  Spoft 
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soft:  Span 


point  where  the  mes- 
senger-wire insulator  h 
supports  the  mes- 
senger wire. 

For  shorter  spans 
two-point  construc- 
tion is  used  and  the 
length  of  the  hangers 
proportioned  to  suit 
the  span.  For  a  70- 
foot  span  and  two- 
point  suspension,  two 
20J-inch  hangers 
would  be  used. 

When  the  standard 
hangers  prescribed  for 
given  span  lengths  are  used  and  the  messenger  wire  adjusted  to 
hold  the  trolley  wire  at  a  uniform  distance  above  the  track,  the 
messenger  cable  will  have  the  correct  tension. 

60.  Size  of  Wires. — ^The  trolley  wires  in  common  use  are 
Nos.  00000  and  0000.  For  ordinary  conditions,  the  messenger 
wire  is  ^^-inch,  extra-galvanized,  steel  cable;  the  anchor  wires, 
f-inch  steel  cable;  and  the  pull-ofi  wires,  i-inch  steel  cable. 

61.  Insulation  of  Wires.— Voltages  from  600  to  11,000 

are  employed  on  roads  equipped  with  the  catenary  trolley 
construction.  The  messenger  cable  must,  therefore,  be  very 
thoroughly  insulated  from  the  supporting  poles  or  bridges,  and 
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massive  insulators  are  used  for  this  purpose.  SmaUer  insulators 
are  used  with  the  span  wires,  anchor  wires,  guy  wire,  etc. 
Both  porcelain  insulators  and  wooden  rods  are  employed  for 
insulating  purposes. 

62.  Installing  the  Wires. — ^The  bracket  arm  should  be 
located  18  inches  above  the  desired  position  of  the  trolley 
wire  in  single-track  construction,  and  16  inches  above  the 
trolley  in  double-track  construction;  the  additional  2  inches  for 
the  single  bracket  is  allowed  for  sag  of  the  end  of  the  bracket 
due  to  the  yielding  of  the  pole  when  the  bracket  is  loaded. 

Generally,  this  construction  does  not  require  back  guys  on 
straight  work;  but  on  curves  and  at  all  anchor  points,  all 


Pig.  61 

pdes  should  be  guyed.  It  is  recommended  that  strain  insulators 
be  used  in  all  guy  wires. 

With  brackets  and  messenger  insulators  in  place,  the  trolley 
and  messenger  wires  are  both  run  out  and  htmg  over  the 
brackets,  except  at  curves  where  the  messenger  wire  is  run 
over  the  bracket  arms  and  the  trolley  wire  supported  below 
them;  the  trolley  is  then  pulled  tight  and  temporarily  anchored. 

It  is  generally  inconvenient  to  measure  the  tension  of  the 
trolley  wire  in  course  of  installation.  The  desired  tension  of 
about  1,000  poimds  for  0000  wire  can  be  secured  if  the  pull 
is  made  with  a  pair  of  three-sheave  blocks,  Fig.  61,  and  a 
"luff,"  or  purchase,  with  a  pair  of  two-sheave  blocks.  Two 
strong  men  can  pull  the  wire  to  about  the  right  tension  with  this 
arrangement  of  blocks.  The  messenger  wire  shoidd  next  be 
adjusted  for  tension  to  give  the  sag  a,  Fig.  62,  of  9  inches 
at  3(f  F.;  10  inches  at  60°  F.;  and  11  inches  at  85°  F.;  after 
which  it  may  be  lifted  on  to  the  messenger  insulators  and  tied. 
The  trolley  wire  should  then  be  dropped  oflE  the  ends  of  the 
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bracket  arms  and  temporarily  supported  by  hooks  from  the 
brackets  and  from  the  messenger  wire  at  the  center  of  the 
span;  the  line  will  then  be  ready  for  the  hangers  to  be  installed. 
Both  messenger  and  trolley  wires  should  be  anchored  every 
i  mile  on  straight  track  and  at  all  approaches  to  curves. 
Sufficient  slack  should  be  left  in  the  curves  to  allow  the  mes- 
^nger  and  trolley  wires  to  be  pulled  to  proper  position  over 
the  track.  Where  bridles  for  pull  offs  and  anchor  wires  are 
used,  care  should  be  taken  to  see  that  no  wires  are  allowed 
within  a  space  6  inches  above  the  horizontal  plane  of  the 


trolley  wire  at  a  distance  of  3  feet  either  side;  this  clearance 
is  necessary  to  avoid  interference  should  sliding  contacts  be 
used. 

63.  In  span  construction,  the  span  wire  should  be  so 
installed  that  when  the  weight  of  the  messenger  and  trolley 
is  put  on  it,  there. will  be  a  sag  of  about  1  foot  for  each  20  feet 
of  span.  The  back  guy  wires  that  nm  from  the  tops  of  the 
poles  to  the  ground,  thus  preventing  the  tops  from  being  pulled 
toward  each  other,  should  be  insulated  for  the  full  line  potential. 
After  the  poles  are  guyed  and  the  spans  are  in  place,  the 
messenger  and  trolley  wires  are  run  out  and  are  hung  temporarily 
from  the  span  wires  by  hooks.  Tension  is  then  applied  to 
the  trolley  and  messenger  wires  and  the  installation  of  the 
hangers  may  then  proceed  as  in  bradcet  construction. 
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THIRD-RAIL  SYSTEMS 

64.  Rail  Location. — ^The  conductor,  called  the  third  roily 
or  the  contact  rail,  from  which  current  is  taken  for  the  cars 
in  the  third-rail  system,  is  an  iron  rail  mounted  a  short  distance 
from  the  ground  and  to  one  side  of  the  track  rails.  A  T  rail 
is  commonly  used,  but  rectangular  and  U-shaped  rails  are 
employed  to  a  limited  extent. 

At  grade  crossings,  the  third  rail  is  omitted,  as  the  momentum 
of  the  car  is  sufficient  to  carry  it  over  the  gap  in  the  conductor 
rail.  In  the  case  of  a  train,  the  shoes  on  the  first  car  will 
make  contact  with  the  forward  section  of  the  third  rail  before 
the  shoes  on  the  rear  cars  have  left  contact  with  the  other 
section  of  the  rail. 

On  double-trade  roads,  the  two  contact,  or  third,  rails  are 
usually  placed  between  the  tracks;  on  single-track  roads  the 
third  rail  may  be  placed  first  on  one  side  and  then  on  the  other 
of  the  track,  according  to  convenience;  since  all  cars  have  col- 
lector shoes  on  both  sides  this  is  permissible.  The  relative 
position  of  track  and  third  rail  is  largely  determined  by  the 
clearance  required  by  rolling  stock.  Where  steam  locomotives 
also  operate  on  the  road,  their  cylinders  govern  the  limiting 
clearances.  One  recommendation  for  position  is  that  the  ver- 
tical center  line  of  the  third  rail  and  the  gauge  line  of  the 
nearest  track  rail,  which  is  a  vertical  line  drawn  on  the  inside 
edge  of  the  head  of  the  rail,  should  be  2  feet  3  inches  apart 
and  that  the  top  of  the  third  rail  should  be  3§  inches  above 
the  plane  of  the  tops  of  the  two  track  rails.  These  relations  are, 
however,  not  always  observed. 

Fig.  63  shows  a  typical  third-rail  construction.  A  plan 
view  is  shown  in  (a),  an  end  view  in  (fc),  and  a  side  view  in  (c). 
The  third  rail  r  is,  in  this  case,  an  ordinary  T  rail  weighing 
80  potmds  per  yard.  It  is  supported  on  reconstructed  granite 
insulators  a  located  on  every  fifth  tie,  which  is  about  2  feet 
longer  than  the  other  ties. 
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65.  Rail  Welglit49. — ^The  weight  per  yard  and  the  con- 
tact surface  of  the  third  rail  depend  somewhat  on  the  current 
to  be  collected.  Weights  of  less  than  60  pounds  per  yard 
are  seldom  used  except  for  light  traffic;  more  often  the  weight 
of  the  conductor  rail  is  about  the  same  as  that  of  the  trade 
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Fig.  63 


rails.    Third  rails  are  often  made  in  60-foot  lengths,  in  order 
to  lessen  the  nimiber  of  bonded  joints  that  are  required. 

66.  Rail  Insulators. — ^The  third  rail  is  supported  on 
insulators  that  allow  for  expansion  or  contraction  of  the  rail. 
Specially  treated  wooden  blocks  provided  with  iron  caps  to 
hold  the  rail  have  been  used,  but  in  the  best  construction 
reconstructed  granite  or  porcelain  has  been  adopted. 

Fig.  64  shows  three  granite  insulators;  in  (a)  and  (6),  the 
rail  rests  on  an  iron  cap  and  is  held  by  the  lugs;  in  (c),  it  rests 
on  the  granite  block  and  is  kept  alined  by  special  castings 
held  by  a  bolt  passing  through  the  granite  body.  The  castings 
should  allow  some  vertical  play  to  avoid  imdue  stresses  on  the 
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insulators.    Third  rails  for  1,200- volt,  direct-current,  railway 
—  systenis  require  better 

k  insulation    and    pro- 

tection, but  in  general 
the  method  of  mount- 
ing is  similar  to  the 
ordinary  construction. 

67.    Rail  Protec- 
tion.— On    many 
roads  the  third  rail  is 
^^  exposed,  but  the  pres- 

ent trend  is  toward 
protection  that  will 
prevent  accidental 
contact  between  the 
third  rail  and  groimd 
or  track  rails  and  at 
the  same  time  prevent 
the  acciunulation  of 
snow  or  sleet  on  the 
w  rail. 

Fig.  66  shows  a 
method  that  has  been 
used  on  elevated 
roads;  planks  parallel 
to  the  rail  and  pro- 
jecting about  2  inches 
above  it,  prevent  con- 
tact by  anything  ac- 

*  ddentally    dropped 

across  it;  but  this  ar- 
rangement   does    not 
prevent  accumulation 
^^-^  of  sleet  and  snow. 

^'''- "  In  Fig.  66  is  shown 

a  type  of  substantial  third-rail  protection  that  is  sometimes 

used  in  subways. 
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The  type  'of  protected  third  rail  used  in  the  electric  zones 
of  some  large  steam  railroads  is  shown  in  Fig.  67.    The  rail 
is  of  the  bullhead,  imder-running  type.    The 
car  shoes  are  pressed  upwards  against  the 
lower  surface  of  the  rail  by  shoe  springs. 

The  method  of  supporting  the  third  rail  is 
shown  in  greater  detail  in  Pig.  68.    The  iron 
bracket  a,  located  at  intervals  of  10  feet. 
Fig.  66  supports  the  semiporcdain  insulator  blocks  b 

that  fit  arotmd  the  third  rail  c,  A  steel  hook  bolt  d  passes 
around  the  insulator  and  through  a  lug  on  the  top  of  the 
bracket.  Lugs  on  both  the  bolt  and  the  bracket  fit  into  vertical 
and  horizontal  grooves  in  the  insulator  blocks  and  thus  hold 
these  blocks  in  position. 

The  rail  between  the  brackets  is  first  covered  with  flexible- 
fiber  sheathing  and  further  protected  by  means  of  a  top  strip 
and  two  side  strips  of  yellow-pine  boards.  With  this  thorough 
protection,  there  is  but  slight  chance  of  an  accidental  con- 
nection between  the  third  rail  and  the  ground  or  the  track 
rail.    The  rail  is  also  pro- 


tected  from  snow  and  sleet. 
The  third  rail  is  anchored 
at  frequent  intervals  by 
means  of  bolts,  Fig.  69,  that 
pass  through  the  rail  and 
wooden  insulator  blocks 
mounted  on  each  side  of  a 
regular  semiporcelain  insu- 
lator, similar  to  6,  Fig.  68. 

68«  Conuections  of 
Third  Rails  at  Highway 
Crossings. — ^At  public 
highway  grade  crossings 
and  at  turnouts  in  the  track 
sjrstem,  the  line  of  contact 
rail  must  be  broken  and  connections  must  be  arranged  between 
the  two  sections  of  rail  thus  formed  by  means  of  either  an 
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overhead  or  an  undergrotind  cable,  usually  called  a  Jumper. 
The  connection  is  nearly  always  made  by  means  of  ^  under- 


PiG.  67 


ground  cable,  which  can  be  made  short  and  direct.    Fig.  70 
shows  a  typical  crossing.    The  contact  rail  a  is  provided  with 


Fig.  68 


cast  steel,  inclined  approach  blocks  6  that  allow  the  shoes  to 
glide  on  to  the  rails  without  shock.    A  cable  is  attached  to 
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the  rail  at  c,  and  it  is  carried  tmderground  to  d,  where  it  con- 
nects to  the  rail  again,  thus  preserving  the  contintuty  of  the 

205—0 
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cx)nducting  system.  The  cable  shotild  have  a  cross-section 
equivalent,  in  carrying  capacity,  to  that  of  the  rail.  For  this 
purpose,  1,000,000-circular-niil,  lead-covered,  paper-insulated 
cable  is  often  used. 

69.  The  jumper  cable  must  be  thoroughly  insulated  from 
the  grotmd,  in  order  to  prevent  leakage  current.  There  are 
various  methods  of  installing  jimipers,  one  of  which  is  shown 
in  Figs.  71  and  72.     In  this  case  the  cable  is  drawn  into  a 
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black,  bitiuninized,  fiber  tube,  which  is  laid  in  solid  concrete. 
A  concrete  or  a  terra-cotta  cap  protects  the  top  of  the  cable, 
and  flexible  leads  connect  the  cable  to  the  third  rail.  In  case 
it  is  desired  to  have  independent  jumper  cables  for  the  two 
sets  of  third  rails  on  a  double-track  road,  another  cable  can 
be  installed  in  the  second  fiber  tube,  Fig.  71. 

70.  Sleet  Troubles. — When  sleet  gathers  on  the  third 
rail  or  when  rain  freezes  as  it  strikes  the  cold  rail,  there  is 
formed  on  the  surface  a  non-conducting  film  of  ice  that  often 
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results  in  delays  in  the  operating  schedule.    The  sleet  is  difficult 
to  remove,  but  is  easy  to  prevent  if  rail  cleaning  devices  are 
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Fig.  71 


promptly  applied.    At  complicated  special  work,  it  is  customary 

to  use  salt  freely,  and  in  some  cases  large  special  blow  torches 

burning  crude  oil  have 

been  used  to  heat  the 

rail;  on  straight  rail 

some    form   of    sleet 

brush  htmg  from  the 

car  trucks  is  depended 

on  to  keep  the  rail 

surface  clean.     At 

the  least  prospect  of 

trouble,  the  rail  should 

be  swept  frequently, 

even  if  extra  cars  must 

be  run.    Fig.  73  shows 

one  type  of  sleet-cutting  device.     It  is  fastened  to  an  extension 

of  the  collecting-shoe  beam;  the  cutter  consists  of  steel  plates  a 
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cast  into  a  block  6,  and  set  at  an  angle  so  that  they  will  slide 
over  projections  at  joints.  A  flat  spring  c  presses  the  cutter 
against  the  rail  and  a  cam  d  operated  by  lever  e  holds  the  shoe 
up  when  it  is  not  in  use;  by  moving  lever  e  to  one  side  the 
shoe  can  be  lowered  by  the  motorman. 

71.  Third-Rail  Leakage. — ^The  current  leakage  per  mile 
of  rail  is  negligible  where  precautions  are  taken  to  avoid  it; 
the  leakage  from  a  poorly  insulated  undergroimd  cable  at  a 
crossing  may  easily  exceed  that  of  several  miles  of  third  rail. 
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Fig.  73 

Tests  on  a  section  of  third  rail  disconnected  from  all  crossing 
cables  showed  leakage  varying  from  .057  ampere  per  mile, 
after  a  20-hour  rain,  to  .023  ampere  per  mile  in  hard  freezing 
weather  with  a  light  snow  on  the  track.  Tests  of  the  whole 
road,  including  crossing  cables,  showed  an  average  leakage  of 
about  .5  ampere  per  mile,  and  an  investigation  located  the 
greater  part  of  this  in  defective  insulation  of  crossing  cables. 
The  third-rail  insulators  in  the  case  \mder  test  were  of  specially 
prepared  wood  with  iron  caps. 
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CONDUIT  SYSTEMS 

72.  Construction. — Owing  to  their  great  first  cost, 
conduit  systems  are  installed  only  where  city  ordinances  pro- 
hibit any  other  form  of  construction.  Theoretically,  both  sides 
of  the  line  are  insulated  from  the  ground;  as  a  matter  of  fact, 
one  side  of  the  line  or  the  other  is  generally  grounded  enough 
to  nullify  this  advantage. 

Fig.  74  shows  the  conduit  construction  used  in  New  York, 
which  may  be  taken  as  typical  of  this  class  of  construction. 
The  rails  are  supported  on  heavy  cast-iron  yokes  a  spaced 
6  feet  apart;  every  third  yoke  has  handholes  and  carries  the 
insulators  b  that  support  the  conductor  rails  c  every  15  feet. 

Fig.  75  shows  a  section  through  one  of  the  handhole  yokes 
and  illustrates  the  method  of  supporting  the  conductor  rails. 
The  conduit  between  yokes  is  made  of  concrete  filled  in  around 
a  sheet-iron  form  that  is  afterwards  removed.  The  conduit 
may  be  lined  with  steel  plates  or  may  be  constructed  of  con- 
crete alone.  Each  manhole  connects  to  the  sewer  through  a 
6-inch  drain  pipe.  The  outgoing  and  return  feeders  are  run 
in  terra-cotta  ducts  d,  Fig.  74.  To  facilitate  the  installation 
of  new  feeders  or  the  repair  of  old  ones,  duct  manholes  are 
provided  every  400  feet.  The  yokes  are  designed  to  stand 
the  pressure  of  the  earth  (packed  down  by  the  heavy  traffic) 
and  also  the  pressure  due  to  freezing  of  the  soil  in  cold  climates. 
Cast-iron,  steel,  and  wrought  iron  have  been  used,  but  cast 
iron  is  the  most  common.  Light-weight  yokes  gave  much 
trouble  from  breakage,  so  castings  weighing  from  200  to 
400  poimds  have  been  adopted.  In  some  cases,  the  metal 
yokes  have  been  replaced  with  concrete,  but  the  best  con- 
struction calls  for  the  heavy  metal  yokes. 

73.  Operating  Features. — Mud  accumulates  in  the  main 
conduit,  which  must  be  cleaned  about  once  a  month  in  the 
summer  and  oftener  in  the  winter.    With  special  scrapers  the 
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mud  is  drawn  into  the  yoke  manholes  from  which  it  is  removed. 
The  conductor  rails  are  divided  into  insulated  sections  about 
1  mile  long  and  each  sec- 
tion has  its  own  feeder, 
so  that  trouble  on  one 
section  does  not  inter- 
fere with  traffic  on 
others.  As  each  feeder  ' 
includes  its  own  switch 
and  automatic  circuit- 
breaker,  if  two  groimds 
occur  in  a  section,  its 
circuit-breaker  opens 
and  the  power-house  at- 
tendant can  locate  the 
defective  section.  Sepa- 
rate sections  supplied  by 
individual  feeders  have 
the  advantage  that  in 
case  of  a  block  on  the 
road,   the   simultaneous  pic.75 

efforts  of  all  motormen  to  start  their  cars  cannot  overload  the 
station,  because  the  switchboard  attendant  has  all  sections 
under  his  control  and  can  compel  the  starting  of  the  cars  one 
section  at  a  time. 
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HINTS  ON  CONSTRUCTION 

!•  Definitions. — ^A  railroad  consists  of  the  foundation, 
the  ballast,  and  the  track.  The  foundation  consists  of  the  earth 
support,  the  top  of  which  is  called  the  subgrade,  '  The  ballast 
rests  on  the  subgrade  and  consists  of  broken  stone,  gravel, 
sand,  cinders,  or  slag.  The  ballast  serves  to  hold  the  ties,  rails, 
and  connecting-rods  that  constitute  the  track  in  position  and 
helps  to  drain  the  moisture  from  the  stuface  of  the  roadbed. 
The  name  roadbed  is  given  to  the  arrangement  of  ballast,  con- 
crete, paving  blocks,  etc.  that  is  built  on  the  subgrade  and 
holds  the  track. 

2«  City  Roads. — ^Through  improved  city  districts,  the 
location  of  the  roadbed  is  fixed  by  street  limits  and  city  ordi- 
nances. The  tracks  should  be  so  located  that  the  maximum 
car  overhang  on  straight  track  or  on  curves  will  not  cause 
interference  between  cars  or  with  any  fixed  object  near  the 
tracks. 

On  paved  streets  the  rails  are  generally  supported  by  wooden 
ties  though  metal  ties  are  sometimes  used,  and  in  rare  cases 
ties  are  omitted  and  the  rails  supported  along  their  length  by 
stringers  of  wood  or  of  concrete. 

3.  Intemrban  Roads. — On  interurban  roads  in  imde- 
veloped  districts,  steam-railroad  construction  of  the  roadbed 
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can  be  followed  closely.  Some  roads  reqiiire  very  expensive 
construction  and  others,  on  account  of  natural  conditions,  may 
be  spared  most  of  this  expense.  When  crossing  swamps  and 
marshes,  it  may  be  necessary  to  effect  thorough  drainage  in 
order  to  obtain  a  solid  foimdation  that  will  not  yield  tmder 
heavy  cars;  on  a  jaelding  track  a  heavy  car  pushes  a  wave  of 
rail  ahead  of  it,  thereby  increasing  the  resistance  to  train  motion. 
Before  building  across  marshes  or  lowlands,  soundings  should 
be  taken  to  determine  whether  the  foundation  must  be  sup- 
ported on  piles.  In  general,  where  the  subsoil  is  yielding,  the 
substructure  must  be  more  substantial  and  have  more  area 
exposed  to  subsoil.  In  steam-road  construction,  instances  are 
recorded  in  which  sections  of  improperly  constructed  road 
disappeared  imder  water. 
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Fig.  1 


^sscTfON  /N  cur 


The  subgrades  should  be  crowned,  or  graded  downwards 
from  the  center  to  the  sides,  to  help  drainage,  and  should  be 
suflBdently  wide  at  the  top  to  support  ballast  aroimd  the  ends 
of  the  ties.  The  lines  of  the  grades  in  undeveloped  districts 
in  the  suburbs  of  cities  should  be  given  by  the  city  engineers, 
to  avoid  the  expense  of  later  raising  or  lowering  the  tracks. 

In  allowing  clearances  between  the  cars  and  the  walls  and 
roof  of  ttmnels  and  bridges,  the  height  of  the  car,  including 
trolley  stands,  ventilators,  and  stove  pipes  must  be  considered; 
and  where  margins  are  close,  measurements  mtist  allow  for 
possible  increase  in  the  sizes  of  car  wheels  to  be  used.  Failure 
to  consider  such  points  may  cause  great  expense  for  later 
changes. 
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TYPICAL  ROABBEDS 


INTEBUBBAN    BOAB 

4.  In  Fig.  1  is  shown  a  cross-section  of  a  roadbed  construc- 
tion for  an  interurban  double-track  road.  The  right-hand  half 
of  the  figure  represents  the  construction  used  for  a  cut  or  on 
the  side  of  a  hill.  The  construction  for  an  embankment  is 
shown  at  the  left.  The  subgrade  is  crowned  to  promote  drain- 
age, and  ample  provision  for  ballast  is  provided  at  the  ends 
of  the  wooden  ties.  Most  of  the  measurements  refer  to  the 
center  line  of  the  double  roadbed. 


crrr  boads 


6.  For  city  construction,  a  trench  is  excavated  in  the  street 
wide  enough  for  the  single  or  double  track.  In  the  construction 
shown  in  Fig.  2,  only  one-half  of  a  double-track  roadbed  is 


Fig.  2 

indicated.  The  trench  for  both  tracks  is  18  feet  wide  and 
23  inches  deep.  The  bottom  is  rolled  and  the  trench  partly 
filled  with  2-inch  broken  stone;  soft  spots  in  the  rolled  surface 
are  dug  out  and  also  filled  with  stone  or  other  solid  material. 
The  stone  is  rolled  until  it  is  firm  at  a  depth  of  8  inches.  On 
this  ballast  are  laid  the  wooden  ties,  6  in.  X  7  in.  X  7  ft.  6  in., 
a  little  less  than  2  feet  between  centers,  except  at  the  rail  joints, 
which  are  supported  by  three  ties  about  15  inches  between 
centers;  60-foot  rails  are  then  laid  on  the  ties,  ends  butted  and 
joints  staggered;  before  joining,  the  ends  of  the  rails  and  the 
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joint  plates  are  well  cleaned.    The  rails  are  then  coupled,  the 
plates  bolted  tight,  brace  plates  installed  every  other  tie, 

.  the  ties  lined  up  and  spiked 

*  to  the  rail.    The  track  is 

then  lined  and  surfaced  and 

the  space  between  the  ties 

filled  with  broken  stone 

well  tamped  to  the  top  of 

'  the  tie.    The  rail  is  then 

finally    lined,    the    joints 

secured,   and   the  broken 

stone  or  concrete  brought 

up  to  the  proper  surface 

Fig.  8  for  the  asphalt  pave. 

6.  Fig.  3  shows  a  roadbed  construction  for  a  weak  subsoil. 
A  trench  36  inches  deep  and  the  width  of  the  tracks  is  dug  and 
filled  to  a  depth  of  29  inches  with  successive  layers  of  12  inches 
of  hard  earth  and  rock  well  beaten  down;  10  inches  of  earth, 
pebbles,  clay,  sand,  and  rocks,  well  tamped,  and  7  inches  of 
concrete.  Hard  pine  ties  6  in.  X  8  in.  X  8  ft . ,  treated  with  asphalt, 
arelaidontheconcrete,  and  these  support  80-pound  T  rails.  More 
concrete  is  then  added  to  form  the  surface  for  the  asphalt  pave. 

7.  Fig.  4  shows  a  roadbed  construction  in  which  granite 
blocks  are  used  for  the  street  surface.  The  wooden  ties,  spaced 
3  feet  between  centers,  are  embedded  in  concrete.  A  layer  of 
sand  on  the  concrete  serves  as  a  bed  for  the  granite  paving 


Fig.  6 

blocks.    The  spaces  near  the  web  of  the  rails  are  filled  with 
cement  mortar. 
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In  other  construction,  bricks  or  blocks  are  shaped  so  that 
they  fit  against  the  web  and  lie  partly  under  the  head  of  the 
rail.  Cement  mortar  is  poured  over  the  brick  or  block  paving 
to  hold  all  parts  together. 

Fig.  6  shows  a  construction  in  which  steel  ties  are  used. 
Concrete  is  used  under  the  ends  of  the  ties  but  is  not  necessary 
imder  their  middle  portions. 


THE  TRACK 


TIES 

8.  Wooden  Ties. — ^Ties  are  the  wooden  or  metal  supports 
to  which  both  rails  of  a  track  are  fastened.  The  ties  are  laid 
at  right  angles  to  the  rails.  Wooden  ties  are  shown  and  their 
position  indicated  in  Fig.  4.  The  woods  most  used  for  ties 
are  block  locust,  red  cedar,  cypress,  oak,  chestnut,  pine,  hem- 
lock, and  spruce,  here  given  approximately  in  the  order  of  their 
life  imtreated  and  imder  average  conditions.  The  life  of 
imtreated  ties  varies  from  4  to  10  years  according  to  the  wood 
and  climatic  conditions. 

Ties  for  standard  gauge  road  (4  feet  8i  inches)  are  usually 
6  in.  X  8  in.  X  8  ft. ;  in  third-rail  construction,  the  insu- 
lator ties  are  about  2  feet  longer.  Wooden  ties  are  gener- 
ally spaced  from  2  to  3  feet  between  centers.  Heavy  T-rail 
construction  requires  the  closer  spacing  and  roads  designed 
for  light  traffic  the  wider  spacing.  Economy  in  tie  spacing, 
however,  may  imder  some  conditions  be  false  economy  because 
of  excessive  wear  and  tear  on  rails  and  rolling  stock.  Com- 
pletely embedded  ties  deteriorate  more  rapidly  than  ties  partly 
exposed.  If  stone  ballasted,  their  life  is  longer  than  when 
buried  in  soil,  because  of  better  drainage. 

9.  Preservation  of  Wooden  Ties. — ^The  life  of  a  tie  can 
be  prolonged  by  treatment  with  preservatives  applied  by  dip- 
ping, boiling,  or  vacutmi  impregnating;  in  any  case  the  tie 
should  be  heated  before  being  treated,  to  dry  it  and  to  expel 
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part  of  the  air.    Zinc  chloride  or  creosote  are  the  preservatives 
generally  used. 

One  method  of  impregnating  ties  with  creosote  is  as  follows: 
The  ties  are  placed  in  an  iron  tank,  from  which  the  air  is  then 
partly  exhausted  by  means  of  a  vacuum  ptimp,  thus  withdraw- 
ing air  from  the  pores  of  the  ties.  When  the  gauge  shows  a 
constant  degree  of  vacutim,  creosote  is  admitted  to  the  tank. 
The  creosote  fills  the  empty  pores  and  penetrates  the  wood,  the 
distance  depending  on  the  hardness  and  condition  of  the  ties, 
but  always  far  enough  to  do  much  good.  The  process  is  helped 
if  a  pressure  of  50  to  100  pounds  per  square  inch  is  applied  after 
the  creosote  is  admitted  to  the  tank.  The  pores  being  filled, 
moisture  is  excluded  from  the  wood,  and  decay  is  thus  retarded. 

10.  Steel  Ties. — Increasing  scarcity  and  the  cost  of  suit- 
able timber  for  cross-ties  has  led  to  many  experiments  with 
concrete,  concrete  and  metal,  and  all-metal  ties.  Steel  ties 
have  proved  most  satisfactory  and  many  miles  of  track  with 
such  ties  have  been  installed.  Among  the  advantages  of  steel 
ties  are: 

1.  Ability  to  maintain  correct  track  gauge.  Sted  ties  can 
be  punched  accurately,  and  bolt  clips  hold  the  rails  permanently 
in  place,  provided  the  nuts  on  the  bolts  are  tightened  occasion- 
ally. With  wooden  ties,  frequent  spiking  is  necessary  to  pre- 
vent rail  spreading. 

2.  The  useftil  life  of  steel  ties  is  nearly  three  times  that  of 
wooden  ties;  renewals,  including  new  ties  and  disturbance  of 
the  roadbed  to  place  them  are  correspondingly  less  frequent. 

3.  Steel  ties  and  rails  are  practically  integral  and  the  lower 
tie  flanges  are  sometimes  crimped  so  as  to  minimize  creeping 
of  tracks. 

4.  After  serving  approximately  three  times  the  useful  life 
of  wooden  ties,  steel  ties  have  a  scrap  value  of  from  40  to  50  per 
cent,  of  their  original  value,  resulting  in  some  financial  gain 
by  the  use  of  steel  ties. 

5.  Uniformity  of  spans  of  rails  between  steel  ties  equalizes 
rail  deflections,  resulting  in  smoother  riding  than  with  the 
unequal  spans  over  wooden  rails. 
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11.    Steel  ties  are  made  of  open-hearth  steel  of  about 
structural-steel  grade.    They  can  be  obtained  of  manufacturers 
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Fig.  6 

who  furnish  the  ties  in  any  lengths,  accurately  punched  to 
gauge  if  desired,  and  also  dipped  in  coal  tar  to  prevent  rusting 
if  such  treatment  is  deemed  advisable. 

Fig.  6  shows  a  steel  tie  punched  to  support  an  80-  or  a  100- 
poimd  rail;  the  inner  pair  of  holes  is  forthe  lighter  weight  rail, 
and  the  outer  pair  for  the  heavier.  The  left-hand  section  is 
taken  through  the  part  of  the  tie  where  the  lower  flange  is 
straight,  and  the  right-hand  section  through  the  part  where  the 
lower  flange  is  crimped.  The  crimped  portion  in  conjunction 
with  the  ballast  tends  to  prevent  the  rails  and  ties  from  creep- 
ing. Under  heavy 
traffic  conditions  and 
on  grades,  the  tracks 
used  by  the  descend- 
ing trains  should  be 
equipped  with  the 
crimped  ties,  since 
when  the  brakes  are 
applied,  the  moving 
train  tends  to  drag  the 
track  along  with  it. 

12.    Methods   of  Fastening   Ralls   and   Steel   Ties. 

Fig.  7  shows  the  fastening  devices  for  intermediate  ties,  and 
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Fig.  8  those  for  ties  near  a  joint.  Similar  letters  refer  to  corre- 
sponding parts  in  the  figures.  The  shoulders  on  steel  clips  a 
bear  against  the  rail  b  and  the  dips  are  secured  to  the  tie  c  by 
bolts  d,  lock  washers  e,  and  nuts/. 

In  Fig.  8,  the  two  splice  bars  that  fasten  the  ends  of  the  rails 
together  are  shown  at  g.  Some  types  of  splice  bars  are  stength- 
ened  by  a  projection  under  the  rail 
beneath  the  joint,  as  shown  by  the 
dotted  lines  in  view  (a).  In  order 
to  avoid  drilling  special  bolt  holes  in 
the  ties  near  rail  joints,  slots  are  pro- 
vided in  the  splice  bars  permitting 
the  clips  to  be  placed  the  same  as  on 
intermediate  ties  between  joints; 
these  slots  aid  in  preventing  creepage 
of  the  rails.  In  the  absence  of  such 
slots,  special  clips  more  widely  spaced 
than  normal  may  be  used  to  hold  the 
joints  in  position  on  the  adjacent  tie. 


RAIL  AND  TIE  ACCESSORIES  ^*^ 

13.  Tie-Plates. — ^Poimding,  ex- 
pansion, contraction,  and  creeping  of 
rails  tend  to  wear  wooden  ties  imme- 
diately \mder  the  rail.  As  tie-plates 
increase  the  wearing  surfaces  and 
decrease  the  wear,  thereby  adding  to 
the  life  of  the  tie  and  to  the  perma- 
nency of  the  track,  they  are  desir- 
able, especially  for  comparatively  (a) 
soft-wood  ties.    Fig.  9  shows  a  com-                   ^'°-  ^ 

mon  form  of  plain  tie-plate  and  also  shows  its  position  on  the  rail. 

14.  Tie-Rods. — ^Tie-rods  are  used  to  hold  the  two  rails 
of  a  track  to  gauge.  The  method  of  installing  them  is  indicated 
in  Fig.  5.  In  some  cases,  a  tie-rod  is  placed  every  4  feet  of 
single  track  and  in  other  cases  the  tie-rods  are  10  feet  or  more 

266—10 


Digitized  by  LjOOQIC 


10 


TRACK  CONSTRUCTION 


§19 


apart,  depending  on  the  type  of  roadbed.    In  general,  the 
farther  apart  the  ties  are,  the  closer  should  be  the  tie-rods. 


Pic.  9 

The  shoulders  of  the  tie-rods  are  such  a  distance  from  the  ends 
that  the  rods  may  be  placed  in  the  holes  in  the  rails  after  the 
rails  are  spiked  in  position,  and  nuts  are  then  tightened  against 
each  side  of  the  web  of  each  rail. 

16«    Rail  Chairs. — In  some  cases,  rails  that  are  too  low 
to  accommodate  paving  are  raised  to  the  desired  height  by 

rail  chairs,  one  type  of  which 
is  shown  in  Fig.  10;  the  chairs 
are  spiked  to  the  ties. 


Fig.  10 


16«    Brace  Tle-Plate. 

Another  device  to  keep  the 
rails  to  gauge,  especially  on 
curves,  is  the  brace  tie-plate, 
types  of  which  are  shown  in  Fig.  11.  View  (a)  shows  a  brace 
for  one  side  of  the  rail,  (6)  shows  a  double  brace,  and  (c) 
shows  types  designed  for  T  rails.  Since  the  top  of  the  braces 
bears  against  the  head  of  the  rail,  the  effect  of  any  force  tend- 
ing to  turn  the  rail  is  lessened. 
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RAILS 


RAIL   COMPOSITION 

!?•  Track  rails  are  of 
mild  steel  that  contains  low 
percentages  of  carbon,  man- 
ganese, and  silicon  and 
lower  percentages  of  sul- 
phur and  phosphorus.  If 
the  percentages  of  carbon 
and  manganese  are  too  low, 
the  rails  are  soft  and  of 
poor  wearing  quality;  if  too 
high,  the  rails  are  brittle 
and  their  electric  conduc- 
tivity low.  The  percentages 
as  used  by  a  large  steel  coin- 
pany  for  rails  intended  for 
electric  service  are  indi- 
cated in  Table  I. 


DROP  TBGrr 

18«  Sections  of  rail 
made  from  a  given  lot  of 
steel  and  not  less  than4feet 
or  more  than  6  feet  in  length 
are  in  some  cases  subjected 
to  the  drop  test.  The  rails 
are  placed  head  upwards  on 
supports  3  feet  apart  and  a 
weight  of  22,000  pounds 
with  a  5-inch  face  allowed 
to  fall  on  them.  The  tem- 
perature/of  the  test  pieces 
should  not  be  lower  than 


Digiti 


ized  by  Google 


§19 


TRACK  CONSTRUCTION 


13 


6(f  F.  nor  higher  than  120°  F.  The  distance,  in  feet,  that  the 
weight  drops  is  16  feet  for  61-  to  80-pound  rails;  17  feet  for  81- 
to  90-potind  rails;  and  18  feet  for  91-  to  100-pound  rails.  If  the 
falling  weight  breaks  the  rail,  tests  on  two  additional  pieces  are 
made  from  the  same  lot  of  steel.  If  either  of  these  rails  breaks, 
all  of  the  rails  made  of  that  lot  of  steel  are  usually  rejected. 
If  the  two  rails  pass  the  test  satisfactorily,  the  lot  of  rails  is 
usually  accepted  as  far  as  this  test  feature  is  concerned. 


BAIL    WEIGHT 

19.  Rails  are  made  in  many  sizes  to  suit  widely  differing 
operating  conditions,  but  all  are  rated  in  pounds  per  yard  of 
rail.  For  electric  service,  rail  weights  generally  range  from 
60  pounds  to  141  pounds  per  yard;  129-poimd  rails  are  used  in 
Chicago,  Illinois,  and  141-poimd  rails  in  Coltunbus,  Ohio. 


RAIL    SBCnONS 

20.  Rails  for  electric  service  are  rolled  in  many  shapes, 
but  may  be  divided  into  three  general  classes:  The  T  rail. 
Fig.  12  (a) ;  the  girder  rail,  view  (b) ;  and  the  groove  rail,  view  (c). 


^r777^^^/^7^^ 


Base  ct  Foot 

(c) 


The  names  head,  web,  base,  tram,  groove,  lip,  and  neck  have  been 
given  to  the  different  parts  of  the  rails  as  indicated  in  the  three 
views.    The  gauge  of  the  track  is  measured  from  the  inside 
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edge  a  of  the  head  of  each  rail,  called  the  gauge  line.  The 
tendency  in  electric-railway  practice  is  to  use  long  rails  in 
order  to  reduce  the  number  of  joints.  Ordinarily,  rails  are 
30  feet  in  length,  but  some  roads  use  60-foot  rails. 

21.  T  Sections. — T  rails  of  much  the  same  sections  as 
used  on  steam  roads  are  employed  on  the  unpaved  portions  of 
suburban  and  interurban  railroads.  Somewhat  higher  sections 
are  quite  frequently  used  on  paved  streets  for  city  roads. 
Fig.  13  shows  a  section  that  has  a  wider  than  normal  tread  in 
order  that  interurban  cars  with  3-inch  wheel  tread  may  operate 
on  city  streets  without  interference  with  the  paving.    The 

spUce  bars  are  shown  unshaded. 

The  T  section  gives  maximimi 
strength  and  stiffness  with  mini- 
mum weight  and  has  no  groove 
nor  tram  to  collect  dirt;  the  head 
remains  clean,  thus  lessening  the 
power  required  to  propel  cars. 
T  rails  are  cheaper  than  groove  or 
tram  rails,  are  easier  to  lay  and 
have  as  good,  and  in  some  cases 
better  nmning  qualities.  An  old 
objection  to  their  use  was  the 
difficulty  in  paving  to  their  head 
in  a  manner  to  keep  the  street 
siu^ace  imbroken;  with  the  special  paving  blocks  and  bricks 
now  used,  this  objection  does  not  exist,  and  T  sections,  as  listed 
in  Table  II,  are  advocated  by  good  authorities. 

22.  Girder  and  Groove  Sections. — Rails  with  either  a 
tram  or  a  groove  offer  minimum  interference  with  wagon  traffic. 
The  groove  rail  leaves  the  street  siuface  near  the  track  prac- 
tically level.  The  tram  of  the  girder  rail  offers  a  good  path  for 
vehicle  wheels  which  results  in  a  very  considerable  wear  of 
the  rails;  also,  wagons  have  difficulty  in  turning  out  from  such 
a  rail;  therefore,  in  places  of  dense  traffic,  groove  rails  or  T  rails 
with  special  paving  blocks  are  usually  to  be  preferred. 
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To  obtain  satisfactory  service  with  a  groove  rail,  dirt  must 
not  be  allowed  to  accumulate  in  the  groove  because  of  the 
danger  of  derailment.  With  some  sections  of  groove  rail  the 
lip  is  J  inch  lower  than  the  head  and  the  groove  so  shaped  that 
the  flange  of  the  wheels  tends  to  push  the  dirt  out  of  the  ^X)ove. 

There  is  always  a  given  shape  of  car-wheel  flange  best  suited 
to  a  groove  of  given  form.    In  buying  car  wheels  the  shape  of 


TABLE  n 
WmOHTS   AND   DIMENSIONS   OF   fiTANDASD   T 

(A,  S.  C.  E,  Sections) 


RAIIfi 


Weight 
per  Yard 

Area  of 
Cross-Section 

Width  of  Base 
and  Height 

Thickness 
of  Web 

Width  of 
Head 

Pounds 

Square 
Inches 

Inches 

Inch 

Inches 

lOO 

9.8 

5! 

A 

2i 

95 

9-3 

5A 

A 

2tt 

90 

8.8 

5f 

A 

2i 

85 

8.3 

5A 

A 

2A 

80 

7.8 

5 

if 

2i 

75 

74 

4H 

tt 

2tt 

70 

6.9 

4f 

H 

2A 

65 

6.4 

4A 

h 

2tt 

60 

5-9 

4i 

H 

2| 

55 

54 

4A 

tt 

2\ 

50 

4-9 

3i 

A 

2i 

45 

44 

3H 

a 

2 

groove  in  the  rail  on  which  they  are  to  operate  should  be  con- 
sidered in  order  to  lessen  the  wear  on  both  the  flange  and  the 
groove. 

Groove  rails  must  be  kept  accurately  to  gauge  in  order  to 
prevent  the  wheel  flange  from  binding  on  the  rail  head  or  lip 
when  the  car  is  operating  on  a  straight  section  of  track  or 
when  the  car  is  roimding  a  curve.  The  groove  must  also  be 
of  suflSdent  depth  so  that  the  wheel  flange  will  not  ride  on 
the  rail. 
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TRACK    AND    WHEEL    OAUOB8 

23.  The  standard  track  gauge  in  the  United  States  is 
4  feet  8J  inches.  There  are,  however,  many  roads  with  a  track 
gauge  other  than  standard.  The  device  for  testing  the  distance 
apart  of  the  rails  is  also  called  a  track  gauge;  one  of  these  is 
indicated  in  Fig.  14  (a).  When  in  service,  the  shoulders  should 
^ ^    engage  the  rail  heads 


V^ 


•4-S^- 


(a) 


Fig.  14 


ft 


at  the  gauge  line  on 
each  rail  when  the 
testing  device  is  laid 
at  right  angles  to  the 
track. 

The  car  wheels  are 
pressed  on  the  axle  so 
that  the  outside  of  the  wheel  flanges  are  4  feet  8J  inches  apart, 
this  distance  being  tested  by  a  device  called  a  wheel  gauge  shown 
in  Fig.  14  (fe).  This  gauge  should  fit  over  the  flanges  so  that  if 
one  end  is  held  pivoted  over  the  flange,  the  other  end  may  be 
moved  laterally  about  2^  inches. 


RAILS    WITH    CONICAL   TREAD 

24.  Car-wheel  tread  diameters  are  greater  nejct  to  the 
flange  than  they  are  at  the  outside  edges,  thus  permitting 
the  car  to  center  itself  on  the  track  when  the  two  wheels  on  the 
same  axle  difl[er  sUghtly  in  diam- 
eter. This  so-called  coning  of 
the  treads  can  satisfactorily 
perform  its  service  when  the 
difference  in  the  diameters  of  the 
two  wheels  on  the  same  axle  is 
not  enough  to  cause  differences 
of  more  than  f  inch  in  the  cir- 
amiferences  of  the  two  wheels. 
It  was  formerly  customary  to 
make  the  rail  top  level;  tmder  this  condition,  until  there  is 
some  wear  in  either  the  rail  tread  or  in  the  wheel  tread,  the 
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Pig.  15 


(b) 
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bearing  surface  between  the  two  is  practically  a  line,  as  shown 
by  Fig.  15  (a). 

Girder  and  groove  rails  are  now  rolled  with  a  conical  tread, 
as  in  Fig.  15  (6),  thus  providing  good  traction  surface  between 
wheel  and  rail  and  increasing  the  life  of  both.  T  rails  are  coned 
in  both  directions  from  the  center  and  to  such  an  extent  that 
when  a  fair  life  has  been  realized  from  one  side  of  the  rail  head, 
the  rails  can  be  turned  end  for  end  and  the  other  side  of  the 
head  used. 


OUABD-RAIIiS 

25.  When  a  car  rounds  a  curve,  the  flange  of  the  forward 
outer  wheel  presses  against  the  gauge  line  of  the  outer  rail. 
The  contact  of  these  two  surfaces  guides  the  car  around  the 
curve  and  causes  a  tendency  for  a  wheel  to  climb  the  rail;  the 
sharper  the  curve  and  the  higher 
the  speed,  the  greater  is  the 
climbing  tendency,  which  may 
be  dangerously  aggravated  by 
chipped  wheel  flanges  or  open 
rail  joints.  To  prevent  climb- 
ing, curves  are  laid  with  a  guard 
feature  which  may  be  either  a 
part  of  the  running  rail  itself  or 
a  separate  rail  laid  alongside  the 
running  rail.  In  some  cases  both 
running  rails  are  provided  with 
guards,  but  this  practice  increases 
the  cost  as  well  as  the  amotmt 
of  power  required  to  propel  the 
car  against  the  increased  friction. 
The  best  authorities  are  agreed 
that  a  guard  to  the  inner  rail  of 
the  curve  affords  ample  protection.  The  groove  rail  guard  is 
generally  a  part  of  the  running  rail  itself,  as  indicated  in  Fig.  16; 
this  rail  is  similar  to  a  groove  rail  except  that  the  guard  lip 
is  heavier  and  extends  above  the  rail  tread.  The  dotted  line 
indicates  the  contour  to  which  the  guard  wears  in  time. 


Fig.  16 
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T-gtiard  rails  for  city  work  are  ustially  fastened  to  the  T  rail 

as  indicated  in  Fig.  17  (a)  for  high  rails  and  in  (6)  for  low  rails. 

In  open-country  work,  a  second  line  of  T  rails  is  sometimes 


(a)  ^10.  17  (6) 

laid  near  the  inner  rail  of  the  ctirve  and  between  the  two  track 
rails.  On  bridges,  a  guard-rail  is  laid  near  each  track  rail  and 
between  them.  

RAIL  JOINTS 
26.  Necessity  of  Good  Joints. — SubstantiaUy  con- 
structed rail  joints  are  essential  on  any  railroad,  and  especially 
on  electric  roads,  in  order  to  obtain  durability  of  track  and 
rolling  stock  and  to  maintain  good  conductance  of  track  circuit. 
A  portion  of  the  weight  of  the  car  motors  is  supported  directly 
by  the  car  axle  without  the  intervention  of  springs,  so  if  the 
rail  ends  are  slightly  imeven  or  loose,  the  car  wheels  strike  them 
a  heavy  blow  thus  tending  to  flatten  the  heads  of  the  rails. 
The  blows  become  heavier  as  the  rail  heads  flatten,  and  tmless 
the  joints  are  promptly  made  even  and  secure,  they  soon  get 
in  such  bad  condition  as  to  decrease  greatly  the  conductance 
of  the  track  and  to  rack  the  rolling  stock.  The  remedies  are 
to  cut  off  the  damaged  ends  of  the  rails,  or  if  the  rails  are  not 
too  much  damaged,  to  grind  the  rail  treads  so  as  to  slope  the 
flat  back  some  distance  from  the  joint.  The  better  plan  is  to 
make  the  joints  perfect  and  rigidly  secure  when  the  track  is 
laid.    A  few  of  the  bolted  joints  will  be  described. 
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27.  Standard  Cliannel-Plate  Joint. — ^All  forms  of 
bolted  joints  depend  for  their  fastening  and  stiffening  on  the 
channel  plates,  sometimes  called  fish-plates,  splice  bars,  or  joint 


plates.  The  most  common  form  of  bolted  joint  is  made  by 
bolting  a  channel  plate  on  each  side  of  the  rail.  The  holes 
in  the  channel  plates  are  oblong  as  are  also  a  portion  of  the 
shanks  of  the  button-headed  bolts  so  that  the'  bolts  cannot 
turn  when  they  are  being  tightened. 

Fig.  18  shows  a  standard  twelve-bolt  joint  made  with  two 
chamiel  plates;  the  plates  have  projecting  ribs  0,  to  prevent 
buckling  when  the  bolts  are  tightened.  The  channel-plate 
flanges  bear  against  the  imder  side  of  the  rail  head  and  tram 
and  the  upper  side  of  the  rail  foot,  thereby  stiffening  the  joint. 

In  Fig.  18  the  bolts  have  hexagon  heads;  ordinarily,  square- 
headed  nuts  are  to  be 
preferred,  but  with 
girder  rails  and  high 
T  rails  where  two  rows 
of  bolts  are  tised  in 
the  plates  and  it  is 
desirable  to  have  the 
bolts  close  to  the  edges 

of  the  plate,  the  hexa-  ^"'-  ^® 

gon  headed  nuts  are  used  because  they  are  easier  to  get  at 
with  wrenches.     Square-headed  nuts  have  more  bearing  sur- 
face on  the  rail. 
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28.    Continuous  Joints. — Fig.   19 
shows  a  form  of  continuous  rail  joint  made 
of  sections  so  shaped  that  a  flange  projects 
I  tmder  the  foot  of  the  rail  from  each  side. 
The  abutting  rail  ends  are  thus  held  firmly 
in  line.    The  slots,  Fig.  19,  in  the  splice 
bars  made  for  the  rail  spikes  or  bolts  also 
I  serve  to  prevent  rail  creeping,  as  explained 
in  Art.  12.     In  another  form  of  base- 
supporting  joint,  the  imder  portions  are 
bolted  together  below  the  rail. 
^^'  ^  Fig.  20  shows  a  base-supporting  joint 

made  up  of  two  channel  plates,  a  block  of  wood,  and  arolled  angle 
of  steel,  all  of  which  are  bolted  to  the  two  abutting  rail  ends. 


Fig.  21 

29.     Joining  Rails  of  Different  Sections. — ^For  joining 
rails  of  unlike  sections,  combination  joints  can  be  made  with 
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special  splice  bars  that  directly  connect  the  rail  ends  together, 
or  special  sections  of  cast-steel  rails  may  be  used  and  these 
joined  to  the  two  rail  ends  by  ordinary  splices.  Fig.  21  shows 
four  combination  joints  made  with  special  splice  bars  and 
Fig.  22  shows  a  form  of  rail  casting  that  may  be  inserted  in  the 
line  to  join  a  groove  rail  to  a  T  rail. 

30.  Use  of  Welded  Joints. -r-Rails  laid  to  their  full  depth 
in  paving  expand  and  contract  but  little  with  ordinary  changes 
of  atmospheric  temperature,  because  the  paving  tends  to 
equalize  the  temperature  of  the  rail  and  the  earth.  The  joints 
of  such  rails  can  therefore  be  welded  so  as  to  form  a  long  length 
of  rail  and  no  allowance  need  be  made  for  expansion  and 
contraction. 


Fig.  22 


If  the  rails  are  exposed,  as  in  open-country  work  and  on 
elevated  structures,  they  may  be  welded  together  if  joints  that 
allow  a  slight  movement  of  one  rail  toward  or  away  from  the 
other  rail  are  installed  at  intervals  of  about  1,000  feet  on  straight 
track  and  at  the  ends  of  curves. 

31«  Lorain  Welded  Joint. — In  the  Lorain  method,  mild- 
steel  plates  are  electrically  welded  to  each  side  of  the  webs 
of  the  two  abutting  rails  by  passing  a  yery  large  current  through 
the  plates  and  the  rails. 

The  welding  outfit  consists  of  a  sand  blast,  a  synchronous 
converter,  a  transformer,  a  welder,  and  grinding  apparatus,  all 
moimted  on  four  cars.  The  surfaces  to  be  welded  are  cleaned 
by  directing  a  blast  of  sand  against  them.  The  converter 
serves  to  change  direct  ciurent  from  the  trolley  circuit  to 
alternating  ciurent  and  the  transformer  provides  the  proper 
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value  of  voltage  for  the  welder.    The  tops  of  the  rails  at  the 
welded  joint  are  smoothed  by  the  grinder. 
Fig.  23  shows  a  splice  plate,  one  of  which  is  welded  to  each 


X' l\M.  4bO 


side  of  the  rail  web  as  shown  in  Fig.  24.  Each  plate  is  welded 
at  points  a,  6,  and  c,  Fig.  23,  the  total  area  affected  being  about 
10}  square  inches  on  each  plate. 

32.  The  welder  is  shown  in 
Fig.  25  and  is  suspended  by  a  crane 
from  the  front  of  one  of  the  cars 
so  that  it  can  easily  be  placed  in 
position  on  either  rail  ojf  the  track. 
After  cleaning  the  rail  surfaces,  the 
splice  bars  o  are  clamped  in  posi- 
tion on  the  rails  b.  The  terminals  c 
and  d  of  the  welding  transformer  e 
are  pressed  against  the  plates  over 
the  portions  to  be  welded  by  means 
of  levers  /  and  g  operated  by  pis- 
tons in  a  hydraulic  cylinder  fc.  The 
primary  coil  of  the  welding  trans- 
former e  is  supplied  with  alternating 
current.  The  secondary  circuit  of 
this  transformer  consists  of  a  single  loop  of  very  large  con- 
ductor and  includes  in  the  circuit,  plates  a  and  rails  b,  A 
secondary  current  of  about  25,000  amperes  at, 7  volts  melts 
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the  surfaces  to  be  welded;  the  current  is  then  cut  off  and  the 
surfaces  firmly  pressed  together  and  the  joint  allowed  to  cool. 
The  central  weld  of  the  joint  is  made  first,  followed  by  the 
welds  at  the  ends  of  the  plates. 

33.  Fig.  26  (a)  shows  a  horizontal  section  through  a  com- 
pleted joint;  (6)  a  section  of  the  center  weld;  and  (c)  of  an  end 
weld.  The  resistance  of  a  joint  of  this  kind  is  less  than  the 
corresponding  length  of  rail. 

For  welds  on  old  rails,  a  special  section  of  plate  on  the  tread 
side  of  the  joint  is  sometimes  used;  this  section  is  provided  with 
a  lug  that  fits  tmder  the  rail  head,  and  the  small  space  between 


Y////////////////////,  ///Yj 


(a) 


(b) 


Pig.  26 


the  lug  and  the  rail  head  is  poured  full  of  melted  zinc,  thus 
improving  the  support  of  the  rail  head. 

34.  Arc  Welded  Joint. — The  welding  of  rail  joints  by 
the  arc  method  is  accompHshed  by  clamping  plates  on  each 
side  of  the  webs  of  the  rails  and  then  causing  metal  to  flow 
from  a  soft-steel  electrode  along  the  junction  of  the  plates  and 
the  rails.  The  steel  electrode  is  a  rod  about  \  inch  in  diameter 
and  30  inches  long  and  is  connected  through  an  adjustable 
rheostat  with  the  trolley  wire.  The  rail  forms  the  negative 
side  of  the  circuit.  When  the  electrode  is  touched  and  then 
withdrawn  from  the  plates,  or  rail,  an  arc  is  formed  and  the 
melted  steel  from  the  rod  lodges  against  the  rail  and  welds 
the  edges  of  the  plates  to  the  rails. 
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35.  Cast  Welded  Joint. — Cast  welded  joints  are  made  by 
pouring  molten  iron  into  a  cast-iron  mold  placed  around  the 

abutting  rail  ends, 
which  are  first  sand- 
blasted for  a  distance 
of  6  or  8  inches  from 
the  center  of  the  joint. 
Fig.  27  shows  a 
cast-iron  weld.  The 
^'^•^  added  iron  which  is 

indicated  at  /  may  weigh  from  75  to  225  potmds,  depending  on 
the  shape  of  the  joint.    The  apparatus  used  with  this  method 
consists  of  a  sand-blast  machine  for  cleaning  the  rails,  rail 
molds,  and  a  portable  cupola 
for  melting  the  iron. 

36.  Thermit  Joint. 

Thermit  is  a  powdered 
mixture  consisting  mostly 
of  finely  divided  iron  oxide 
and  aluminum.    The  mix-  ^'^'^ 

ture  is  placed  in  a  crucible  over  the  joint.  The  metal  alu- 
minum has  a  great  affinity  for  oxygen,  and  if  the  mixture 
is  suddenly  heated  by  burning  some  ignition  powder  on  its 
surface,  a  very  rapid  chemical  action  takes  place  that  melts 


(«)  (fr)  («) 

Fig.  29 

the  whole  mass  in  the  crucible.  The  iron  oxide  and  other 
ingredients  are  reduced  into  steel  and  this  is  potired  into  molds 
attached  to  the  rail  ends.    The  melted  metal  is  so  hot  that  it 
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wdds  itself  into  the  structure  of  the  rails.  A  scratch  brush  is 
used  to  clean  the  rails  before  making  the  joint. 

Fig.  28  shows  a  thermit  joint  and  Fig.  29  the  molds.  The 
sheet-iron  case  (6)  is  placed  over  a  model  of  the  joint  and 
tamped  full  of  China  clay  and  loam.  The  molds  for  the  two 
sides  of  the  rail  thus  formed  are  shown  at  (a)  and  (c)  and  these 
are  clamped  to  the  rails. 

37.  Zinc  Joint. — ^Fig.  30  shows  a  type  of  zinc  joint. 
The  rails  are  sand-blasted  and  the  rolled  joint  plates  are  riveted 
to  the  rails.  There  are  open  spaces  left  at  the  top  of  the  plates 
and  around  the  foot  of  the  rail.  The  whole  joint  is  heated  to 
a  temperature  of  300°  or  400**  F.  by  means  of  portable  oil 
burners  and  molten  zinc  is  then  poured 

in  the  spaces  near  the  foot  of  the  rail 
and  between  the  plates  and  head  of 
the  rail.  The  zinc  fills  all  irregular- 
ities of  the  surfaces  of  plates  and  rails 
and  offers  a  firm  support  for  the  joint. 

38.  Expansion  Joint. — In  ex- 
posed rails  with  welded  joints,  expan- 
sion joints  are  usually  installed  at 
intervals    of   800   to    1,000   feet   on 

straight  track  and  at  the  approaches  Pig.30 

of  curves.  Each  expansion  joint  allows  slight  endwise  move- 
ments of  one  of  the  rails,  and  thus  lessens  the  danger  of  the 
rails  breaking  or  the  curves  being  distorted  due  to  changes  in 
length  of  the  rail  caused  by  temperature  changes. 

Fig.  31  shows  one  type  of  expansion  joint  with  the  rails  in 
the  positions  asstmied  in  warm  weather.  Rail  a  is  fixed  to 
the  base  b  which  is  spiked  to  the  ties.  Rail  c  is  free  to  move 
endwise  to  the  right  through  the  guides  d  as  the  rail  contracts 
as  the  result  of  cold  weather.  Rail  a  is  the  movable  rail  at 
the  next  expansion  joint  on  the  left. 

The  extent  of  rail  movement  depends  on  conditions  such  as 
the  amoimt  of  temperature  change  and  of  rail  siuiace  exposed. 

39.  IMsposition  of  Joints. — Some  engineers  advocate 
placing  the  joints  in  the  two  rails  of  a  track  opposite  each 

266—11 
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other,  while  others  prefer  to  locate  the 
joint  in  one  rail  opposite  the  center  of 
the  rail  length  on  the  other  side  of  the 
track.  In  the  first  method,  the  track  is 
said  to  be  even  jointed  and  in  the  second 
method  it  is  said  to  be  broken  jointed. 

When  the  track  is  so  laid  that  the 
ends  of  the  rails  meet  on  a  tie,  the  joints 
are  called  supported  joints;  when  the  rails 
meet  between  ties,  the  joints  are  called 
suspended  joints.  Both  methods  are  in 
general  use. 

RAIL  BONDS 

40.  Use  of  Rail  Bonds. — ^Rail 
bonds  usually  consist  of  large  bare  copper 
conductors,  the  terminals  of  which  are 
firmly  attached  to  points  near  the  ends 
of  the  abutting  rails  of  a  joint.  As  the 
sole  purpose  of  rail  bonds  is  to  improve 
the  track  conductance  they  are  not 
usually  employed  with  rails  having  the 
joints  welded;  the  chief  use  of  bonds  is 
with  bolted  joints,  where  loosening  bolts 
and  rusting  surfaces  would  otherwise 
reduce  conductance. 

No  matter  what  type  of  bond  is  used, 
the  conductance  of  the  joint  depends  on 
the  mechanical  excellence  of  the  bolted 
connections  and  of  the  contacts  between 
the  bond  and  the  rails,  because  continual 
movement  of  the  rails  is  likely  to  loosen 
the  bond  contacts  and  increase  the  resis- 
tance of  the  joint.  It  is  highly  impor- 
tant, therefore,  that  the  track  shoidd  be 
inspected  systematically  and  that  the 
joints  be  kept  tightly  bolted. 
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41  •    The  maintenance  of  high  rail  conductance  keeps  the 
energy  loss  low  and  helps  in  maintaining  good  car  operation. 


(a) 


(c) 
Pig.  32 


High  track  conductance  also  minimizes  leakage  of  the  return 
current  to  adjacent  pipes  with  possible  resulting  damage  to 
them. 
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Bonds  placed  between  the  channel  plates  and  the  rail  to 

protect  them  from  mechanical  injury  and  from  thieves  are  known 

as  protected   bonds;  those  not  so  covered  are  known  as 

unprotected  bonds.     Fig.  32  (a)  shows  a  protected  bond 

and  (b)  and  {c)  two  types  of  tmprotected  bonds. 

42.     Compressed  Stud  Terminal  Bond. — It 

is  important  that  the  contact  between  the  copper 
conductors  of  the  bond  and  the  iron  rail  be  so  made 
as  to  secure  a  permanent  low-resistance  connection 
between  the  two  devices. 

Fig.  33  shows  a  cross-section  of  the  web  of  a  rail 

and  a  bond  terminal  in  which  the  stud  terminal 

was  installed  by  means  of  a  screw  compressor,  a 

device  with  which  a  man  operating  a  40-inch  lever 

can  exert  a  pressure  of  20  tons.    The  hole  in  the 

Pic.  33         ^^jj  q£  ^j^^  j-^jj  jg  dnUed  and  two  grooves  cut  in  the 

walls  of  the  hole.    The  stud  terminal  of  the  bond  is  brightened 

by  emery  paper,  then  inserted  in  the  hole  and  pressure  applied. 

The  copper  flows  into  the  grooves  and  further  pressure  forms 

the  rivet  head  as  shown.    Soda  and  water  or  plain  water  should 

be  used  instead  of  oil  to  lubricate  the  drill  when  boring  the  holes 

in  the  web.    The  surface  of  the  walls  of  the  hole  should  be 

bright  and  free  from  oil  or  moisture  and  the  bonds  should  not 

be  installed  in  damp  weather.    A  solution  of  red  lead  and 

hnseed  oil  may  be  appHed  to  the  bond  terminals  and  adjacent 

surface  of  the  rail  after  installation,  to  seal  the  joint  from 

moisture. 


Pig.  34 


Fig.  34  shows  a  protected  bond  of  this  type  made  of  copper 
ribbon  and  cast  copper  terminals  a  and  b.  Fig.  32  (a)  shows 
the  position  on  the  rails  of  two  bonds  of  this  general  type  but 
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made  of  flexible  cable.    When  the  channel  plate  is  in  position 
the  bond  is  covered. 

The  main  portion  of  the  bond  may  be  formed  of  solid  copper, 
flexible  cable,  or  ribbon.  The  stud  terminals  may  be  formed 
by  welding  together  a  portion  of  the  wires  of  the  cable  or  ribbon 
conductors,  or  made  separately  and  welded  or  soldered  to  the 
conductors.  The  conductors  are  usually  bent  so  as  not  to 
interfere  with  the  bolts  of  the  joint  and  to  allow  for  slight 
contraction  or  elongation  of  the  rails,  due  to  temperature 
changes,  without  causing  serious  stresses  on  the  contacts  of 
the  bond  terminals. 


r«> 


(h)  Fig.  36  (c) 

Bonds  may  be  installed  on  one  side  of  the  rails  or  on  both 
sides;  in  the  latter  case,  the  method  is  called  double  bonding. 
One  or  more  bonds  on  each  side  may  be  used.  Sufficient 
copper  is  used  to  cause  the  conductance  of  the  joint  as  a  whole 
to  be  nearly  the  same  as  the  conductance  of  an  equal  length 
of  rail. 

43.    Hammered   Stud   Terminal   Bond.— Fig.    35    (a) 

shows  a  bond  provided  with  terminal  studs  that  may  be  ham- 
mered into  place  after  the  holes  in  the  rail  heads,  one  of  which 
is  shown  in  (6),  have  been  drilled  by  a  special  nulling  cutter. 
The  holes  in  the  studs  indicated  in  (a)  fit  over  the  pins  formed 
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in  the  rail  heads  as  indicated  in  (c),  thus  obtaining  large  con- 
tact stirface. 

44.  Soldered  Bonds. — A  bond  that  is  soldered  to  the 
base  of  the  rails  is  shown  in  Fig.  32  (c)  and  one  soldered  to  the 

head  of  the  rails  in 

Fig.  36.     A  special 

application    of    these 

bonds  is  for  tempor- 

*  ary  work  or  for  bond- 

^*°-  ^  ing  old  rails  where  the 

cost  of  removing  channel  plates  and  renewing  bolts  would  be 

prohibitive. 

The  installation  of  soldered  bonds  requires  the  utmost  care 
to  insure  good  electrical  and  mechanical  imion  between  the 
copper  and  steel.  All  rust  and  scale  must  be  removed  from  the 
steel  surfaces  and  the  rails  heated  tmtil  the  cleaned  surfaces 
show  a  light  blue  color.  Soldering  flux,  preferably  zinc  chloride, 
is  then  applied  and  a  bar  of  solder  rubbed  on  the  cleaned  sur- 
faces tmtil  they  are  thoroughly  tinned.  The  bond  is  then 
clamped  on  the  rails  and  the  rails  again  heated  sufficiently  to 
melt  wire  solder  applied  to  them;  the  clamp  is  then  tightened 
and  wire  solder  melted  on  the  edges  of  the  terminals  as  the 
joint  cools.  After  the  joint  has  cooled  it  should  be  painted 
with  waterproof  paint. 

45.  Electrically  Welded  Bonds. — ^Fig.  37  shows  the 
installation  of  two  welded  bonds  at  a  joint  of  a  conductor 
rail.    These  bonds 

may  be  applied  either 
to  the  head  or  foot 
of  the  track  or  con- 
ductor rails. 

Fig.  38  shows  a 
welded  bond  applied 
to  the  conductor  rails 

of  a  conduit  system.  The  two  parts  of  the  bond  are  separately 
welded  to  the  rails  and  when  the  rails  are  in  place,  the  free 
ends  of  the  bond  conductors  are<  clamped  or  soldered  together. 
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A  special  car  on  which  is  mounted  a  rotary  converter,  trans- 
former, and  welding  clamps  is  used  to  weld  the  bonds  onto  the  rail. 


Fig.  38 

46.    Copper- Welded  Bonds. — In  some  cases  the  copper 
conductor  of  a  bond  is  welded  to  the  rail  by  pouring  melted 
copper  into  a  mold  clamped  against  the  rail  and  into  which  the 
end  of  the  bond  conductor  is  placed.    Fig.  39  shows  the  mold 
in  position.    The  interior  includes  two  chambers  connected 
by  a  narrow  neck.    Melted  copper,  from  a  crucible  carried  on 
a  special  car,  poured 
into  one  of  these  cham- 
bers   surrounds     the 
copper  conductor  and 
comes   in   contact 
with  the  cleaned  rail 
surface.    Excess  cop- 
per   flows    into    the  ^^'^ 
second  chamber  and  assists  in  raising  the  temperature  of  the 
rail  to  a  point  where  the  copper  in  the  first  chamber  is  welded  to 
the  rail.    The  joint  is  then  allowed  to  cool,  the  mold  removed, 
and  the  excess  copper  cut  loose  at  the  narrow  neck,  leaving  the 
bond  terminal  as  indicated  in  Fig.  40.    Copper  cables  may 
be  welded  to  the  third  rail  or  to  track  rails  by  this  method. 

47.    Bonds  Using 
Amalgam.  —  The 

conductance    of    the 

contacts  between  the 

rails   and   the    chan- 

^^^  nel  plates  is   greatly 

improved  if  the  contact  surfaces  are  cleaned  and  coated  with 

an  amalgam  of  copper  or  other  metal.    In  some  cases  the 
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amalgam  is  held  in  cork  cases  and  these  are  compressed  between 
the  rails  and  the  channel  plate.  In  joints  of  this  kind,  the 
channel  plate  serves  as  the  bond  conductor  and  the  amalgam 
affords  a  low-resistance  path  between  the  plate  and  the  rail. 

48.  Cross-Bonds. — ^The  two  track  rails  should  be  con- 
nected together  at  intervals  of  500  feet  approximately  by  cross- 
bonds,  thus  affording  a  low-resistance  path  around  a  poor 
joint  in  either  rail. 

On  double  track  the  four  rails  should  be  cross-bonded  at 
about  the  same  intervals  as  for  single  track.  Parts  of  crossings 
and  switches  that  are  bolted  together  are  in  many  cases  dec- 
tically  connected  together  by  long  copper  cables. 

In  order  to  increase  track  conductance,  bare  copper  cable 
is  sometimes  laid  along  the  track  and  connected  at  intervals 
to  the  joint  bonds.  The  rails  at  a  point  near  the  station  are 
coimected  to  the  negative  bus-bar  by  large  cables.  The  cables 
are  usually  welded  or  brazed  to  the  rail. 


SPECIAL  WORK 

49.  Designation. — ^Track  construction  relating  to  curves, 
branch-offs,  crossings,  etc.,  is  usually  known  as  special  work. 
Some  of  the  more  common  forms  of  special  work  are  shown  in 
Fig.  41.  A  plain  curve  is  shown  at  (a) ;  it  may  be  right-hand  or 
left-hand,  simple,  or  compotmd.  A  left-hand  branch-off  is 
shown  at  (6)  and  a  right-hand  branch-off  at  (c) ;  these  are  used 
where  a  branch  road  leaves  the  main  line.  When  determining 
whether  left  or  right,  face  the  point  of  departure  of  the  branch. 

A  connecting  curve  and  crossing  are  shown  at  (d) ;  a  plain  Y 
at  (e) ;  a  three-part  Y  at  (/) ;  and  a  through  Y  at  (g).  The  three- 
part  Y  can  be  used  in  place  of  a  loop  to  turn  cars  at  the  end  of 
a  line.  A  reverse  curve  is  shown  at  (h) ;  it  is  used  where  a  cross- 
street  is  broken  at  the  main  street.  A  right-hand  cross-over  is 
shown  at  (k)  and  a  left-hand  cross-over  at  (/) ;  they  are  installed 
at  intervals  in  the  track  so  that  a  car  may  cross  from  one  track 
to  the  other,  thus  shortening  the  regular  nm  in  case  of  the  dis- 
ablement of  the  car  or  to  make  up  time.    A  diamond  tumotU 


Digiti 


ized  by  Google 


§19 


TRACK  CONSTRUCTION 


33 


is  shown  at  (tn) ;  an  ordinary  siding  at  (n) ;  and  a  thrown-over 
turnout  often  used  for  temporary  work  to  avoid  interference 
with  track  repair  at  (o).  Other  than  the  names  just  given  to 
these  parts  are  used  in  some  localities. 


Fig.  41 


Pig.  42  shows  a  layout  of  special  work  and  indicates  the 
names  given  to  some  of  the  more  detailed  parts  as  recommended 
by  a  large  steel  company. 
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50.  Construction. — Important  special  work  is  made  up 
at  the  steel  works  and  shipped  ready  to  install.  The  work  of 
construction  must  be  carried  out  with  great  precision.  The 
site  of  the  proposed  work  is  surveyed  and  a  drawing  made; 
this  drawing  is  checked  and  from  it  the  work  is  laid  out  in  actual 
size  with  chalk  on  a  hard  smooth  maple  laying-out  floor;  if 
the  layout  checks  correctly,  the  lines  on  the  floor  are  used  as 
guides  for  making  wooden  templets  for  the  patternmakers  and 
rail  benders.  When  the  separate  parts  of  the  job  are  complete, 
it  is  assembled  in  the  lajring-out  yard  where  any  mistakes 
that  may  have  escaped  preceding  inspections  or  any  inaccu- 
racies due  to  uneven  shrinkage  of  the  cast  parts  or  to  careless- 
ness in  the  bending  may  be  detected  and  rectified.  The  system 
of  checking  and  rechecking  the  job  in  the  various  stages  of  its 
progression  from  the  surveyor  to  the  shipper  is  so  thorough 
that  the  chances  of  error  are  a  minimimi.  Special  work  on 
electric  railways  generally  lasts  longer  than  on  steam  railways, 
because  subjected  to  lower  tonnage  and  speed;  also  on  electric 
railways  the  rules  generally  require  stopping  or  slowing  at 
crossings  and  intersections. 

51«  In  switches,  frogs,  and  crossings,  the  greatest  wear 
takes  place  at  the  points  of  the  switches  and  the  breaks  in  the 
tread  of  the  rail,  places  subjected  directly  to  the  pounding 
of  the  wheels.  Various  methods  have  been  adopted  for  insert- 
ing hard  steel  at  these  places.  One  make  of  special  work, 
called  manganese,  takes  its  name  from  special  plates  of  hard 
manganese  steel  that  are  placed  at  the  intersections;  these  are 
held  by  special  bolts  or  fastenings  so  that  worn  plates  can  be 
readily  renewed.  Another  class  of  special  work,  known  as 
guarantee  work,  is  guaranteed  to  last  as  long  as  the  abutting 
rails;  in  it,  tempered-steel  wearing  plates  are  held  by  keys  and 
zinc  poured  in  around  the  inserted  piece.  In  a  third  class  of 
special  work,  known  as  adamantine  work,  the  crossings  are  made 
of  steel  castings. 

Fig.  43  shows  a  crossing  of  the  guarantee  type.  Renewable 
hardened-steel  plates  a  are  set  in  as  indicated;  the  joints  are 
stiffened  by  cast  welding  the  rail  ends  at  the  crossings.    The 
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piece  as  a  whole  is  in  two  parts  fastened  together  by  means  of 
standard  joints.  The  crossing  illustrated  is  for  groove  rails, 
but  similar  construction  is  adaptable  for  use  with  high  T  rails. 


Pig.  43 

Fig.  44  shows  a  cast  manganese-steel  crossing;  it  is  made  in 
two  pieces  and  connected  together  by  standard  joints. 

Fig.  45  indicates  the  arrangement  of  the  renewable  parts  in 
a  guarantee-curve  crossing.  The  hardened-steel  plate  a  is 
held  by  the  wedges  b  and  c,  which  are  embedded  in  zinc  to 
prevent  them  from  working  loose.  To  remove  the  plate,  the 
wedges  are  drivm  down. 

52.  Gauntlet  Track. — ^For  double  track  through  a 
narrow  street  or  tunnel  or  over  a  narrow  bridge,  the  gauntlet 


Pig.  44 


construction  indicated  in  Fig.  46  may  be  used.  The  gauntlet 
construction  is  cheap  and  simple,  the  special  work  being  limited 
to  two  plain  ordinary  frogs. 
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53«  Curves. — Curves  are  of  two  kinds,  simple  and  com- 
pound, or  easement,  curves.  A  simple  curve  is  described  with 
but  one  radius  throughout  its  length,  while  a  compound  curve 


Pic.  45 

is  so  constructed  that  the  radii  become  shorter  as  the  middle 
point  of  the  curve  is  approached  from  either  end.  A  compound 
curve  is  easier  riding  than  a  simple  curve.  Street-railway 
curves  are  usually  designated  by  the  radius,  in  feet,  at  the 
center.  Long  curves  of  light  rail  are  sprung  in,  as  a  rule;  that 
is,  the  rail  is  pried  over  with  a  bar  and  spiked  into  position, 
the  paving  being  relied  on  to  keep  the  track  in  place.  The  main 
objection  to  "springing  in"  a  curve  is  that  in  course  of  time 
the  ends  of  the  rails  may  straighten  out  and  make  an  angle 
at  the  joint;  this  difficulty  is  most  likely  to  occur  with  heavy 
rails  or  on  curves  of  short  radii.  The  car  trucks  in  rounding 
such  a  curve  will  change  direction  in  jimips,  instead  of  gradu- 
ally, and  impart  to  the  car  a  disagreeable,  jerky  motion  not 
to  be  found  on  a  curve  that  is  smooth  and  regular.  On  curves 
of  heavy  rails  and  moderate  radius,  a  portable  rail  bender 
should  be  used,  while  shorter  ciuves  should  be  bent  to  a  templet 
with  a  power  bender.    With  ordinary  T  rails,  curves  having 


;g^>xr  :><^ 


Pig.  46 


a  radius  of  500  feet  or  over  can  be  sprung  in,  but  with  girder 
rails  or  high  T  rails  800  to  1,000  feet  is  the  smallest  allowable 
radius. 
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54«    Easement,  transition,  or  compound  curves  are 

formed  by  combining  curves  of  different  radii,  so  that  the 
entrance  of  the  car  into  the  curve  shall  be  gradual,  and  a  sudden 
shock  avoided.  The  curve  at  the  point  where  it  branches  from 
the  straight  part  of  the  track,  or  a  tangent,  as  it  is  called,  is 
of  long  radius  and  the  radii  are  gradually  decreased  imtil  the 
radius  of  the  center  of  the  curve  is  reached.  All  steel  com- 
panies who  make  electric-railway  special  work,  have  standard 
transition  curves  made  up  of  a  nimiber  of  radii  such  that  the 
length  of  arc  of  any  one  radius  is  not  over  5  feet,  and  cars  ride 
very  smoothly  around  such  curves. 

56«  Testing  Clearances. — Single-track  curves  must  be 
laid  out  so  that  cars  will  go  aroimd  them  freely  without  either 
end  overhanging  the  comer  of  the  sidewalk  or  striking  any 
obstruction.  On  double-track  curves,  two  cars  should  be  able 
to  pass  each  other  without  danger.  The  layout  of  a  double- 
track  curve  therefore  depends  on  the  length  and  width  of  cars 
to  pass  on  it,  on  the  car  overhang  at  the  ends  of  single-truck 
cars  and  in  the  center  of  double-truck  cars,  on  the  distance 
between  the  track  centers,  the  curvature,  the  elevation  of  the 
outside  rail,  and  the  length  of  the  wheel  base.  CSu"  fenders 
should  be  considered,  since  a  fender  increases  the  effective 
length  of  the  car. 

The  best  plan  is  to  lay  out  on  paper  and  to  scale  a  plan  of  the 
proposed  curve;  then,  by  ntieans  of  a  pasteboard  diunmy  that 
scales  the  dimensions  of  the  outside  lines  of  the  car,  the  actual 
clearance  at  all  points  can  be  readily  determined.  The  posi- 
tions of  the  car  wheels  may  be  indicated  by  holes  in  the 
dummy  through  which  the  track  can  be  seen,  or  transparent 
paper  may  be  used,  so  that  the  dummy  can  be  made  to  take 
the  right  path  aroimd  the  curve.  For  the  safety  of  passengers, 
a  clearance  of  at  least  12  inches  should  be  allowed  on  each  side 
of  the  car  if  cars  are  to  pass  each  other  on  ctirves.  Special 
precautions  are  necessary  where  the  center-pole  method  of  line 
construction  is  used. 

56.  Rail  Elevation  on  Curves. — Wheels  tend  to  climb 
the  outer  rail  in  curves  because  the  tendency  for  the  car  to 
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move  straight  ahead  is  overcome  by  the  presstire  of  the  head  of 
the  outer  rail  against  the  flanges  of  the  wheels.  If  the  flange 
of  a  wheel  is  much  worn  or  chipped  or  if  there  is  considerable 
space  between  rails  at  a  joint  in  the  curve,  the  tendency  for 
the  wheel  to  dimb  is  increased,  because  the  flange  may  catch 
on  the  rail.  Elevating  the  outer  rail  or  lowering  the  inner  one 
or  dividing  the  total  change  between  the  two  eliminates  a 

TABLE  in 

BAIL   ELEVATIONS 


Speed  of  Car 

Radius  of  Curve,  Feet 

6  Miles  per  Hour 

19  Miles  per  Hour 

Elevation  of  Rail,  in  Inches 

1,200 
900 
600 
450 
300 

.078 
.156 
•234 
.312 
•429 

.780 
1.287 
1.989 
2.613 
3-939 

portion  of  the  side  thrust  on  the  rail.  Where  cars  rotmd  curves 
at  high  speed,  elevation  of  the  outer  rail  is  necessary;  these 
elevations  for  certain  stated  conditions  may  have  the  values 
indicated  in  Table  III.  On  curves  as  installed  in  city  streets 
where  the  car  speeds  are  low,  rail  elevation  is  usually  not 
essential. 

MAINTENANCE  OP  TRACK 

57.  Smooth,  level,  even  track  is  absolutely  essential  for 
easy  riding  cars  and  minimum  cost  of  maintenance  of  super- 
structure, rolling  stock,  and  track.  Rough  uneven  track  jolts 
passengers,  patises  the  trolley  to  fly  off  and  possibly  injure  itself 
or  the  overhead  work,  racks  the  rolling  stock,  batters  the  track 
into  still  worse  shape,  and  may  be  the  cause  of  serious  accidents 
and  loss  of  life. 
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Safe,  agreeable,  and  efficient  operation,  therefore,  demand  the 
maintenance  of  good  track.  Substantially  constructed  new 
track,  although  higher  in  first  cost,  can  be  maintained  at  less 
cost  than  poorer  track  with  cheaper  construction.  Proper  main- 
tenance requires  good  lining,  surfacing,  and  gauging;  only  a 
trained  eye  can  detect  such  defects  imless  they  are  very  serious. 

58.  Lining  the  track  refers  to  the  elimination  of  hori- 
zontal kinks  that  tend  to  give  cars  a  swaying  motion ;  surfacing 
refers  to  the  elimination  of  vertical  kinks  in  the  track  that  cause 
jouncing.  Depressions  in  the  track  are  caused  by  poor  joints, 
soft  spots  in  the  roadbed,  poor  tamping  of  the  ballast,  or  wash- 
outs under  the  ends  of  the  ties.  Poor  surfacing  increases  the 
wear  on  rolling  stock  and  rails  and  may  cause  accidents;  when 
the  wheel  of  a  heavy,  high-speed  car  drops  into  a  depression, 
it  delivers  a  blow  that  is  liable  to  break  the  wheel,  the  axle,  or 
the  rail.  The  effect  of  such  blows  can  be  seen  on  old  track  with 
poorly  maintained  joints;  on  a  double-track  road,  for  example, 
the  rail  ends  on  the  north  side  of  the  joints  of  the  north-bound 
track  and  on  the  south  side  of  the  joints  of  the  south-bound 
track  are  hammers!  into  cup-shaped  depressions,  and  are  said 
to  be  cupped.  On  single  track  the  rail  ends  on  both  sides 
of  the  joint  become  cupped.  Furthermore,  this  continual 
pounding  on  low  spots  forces  the  rails  laterally  out  of  line  and 
if  this  condition  is  long  neglected  it  becomes  very  difficult  to 
correct.  Poorly  lined  or  surfaced  track  also  increases  the 
resistance  to  train  movement  and  consequently  increases  the 
energy  required  to  operate  cars.  Measurement  of  the  current 
required  to  start  a  car  on  different  parts  of  supposedly  level 
track  will  often  show  great  differences. 

69*  Gauging  refers  to  the  maintenance  of  proper  distance 
between  rail  heads  and  is  very  important  especially  on  straight 
track.  On  curves,  distances  between  rail  heads  a  little  more 
than  the  normal  gauge  if  not  beyond  the  limits  of  actual  safety, 
are  less  objectionable,  because  the  wheel  flanges  press  against 
the  outer  rail,  and  if  that  is  a  true  curve  the  running  will  be 
satisfactory.  The  rails  on  straight  or  curved  track  should  not 
be  close  enough  together  to  bind  the  wheel  flanges. 
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60«  Rail  Breaks. — ^Rail  breaks  are  most  likely  to  occur 
in  freezing  weather,  when  the  rails  are  most  brittle  and  the 
roadbed  most  inflexible.  Broken  rails  are  extremely  dangerous, 
especially  in  the  outer  rail  of  a  curve,  where  the  forward  outer 
wheel  flanges  may  catch  in  the  break  and  catise  derailment. 
Continuous  thorough  inspection  is  the  only  safeguard,  and  even 
this  may  not  prevent  an  accident  for  a  train  may  break  a  rail 
and  be  derailed  thereby. 

61  •  Weeds. — Weed  growth  on  a  track  lubricates  the  rails 
and  causes  the  driving  wheels  to  slip.  Weeds  also  conceal 
defects  iif  the  track  and  make  approximate  lining  and  surfacing 
by  eye  impracticable.  Among  the  methods  used  to  remove 
weeds  are  digging  them  out,  cutting  them  off,  killing  them  with 
high-voltage  alternating  current,  and  burning  them  by  means 
of  crude-oil  btuners  extending  from  a  special  car ;  the  last  method 
is  the  cheapest  and  most  convenient  when  much  of  this  work 
is  to  be  done. 
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ELECTRIC-RAILWAY  CALCU- 
LATIONS 


LINE  CALCULATIONS 


CONDITIONS    AFFECTING    THE    SIZE    OP    FEEDERS 


VABIABLB    CONDITIONS 

!•  Line  calculations,  as  here  considered,  deal  with  the 
determination  of  the  sizes  of  conductors  required  between  the 
station  or  substation  and  the  cars  to  transmit  the  electric  energy 
needed  imder  specified  conditions  of  operation. 

No  general  rule  can  apply  to  the  values  to  be  tised  in  ail  of 
the  conductor  calculations  involved  in  the  design  of  a  given 
electric-railway  system.  The  practice  of  dividing  the  line  into 
insulated  sections  simplifies  calculations,  because  each  section 
may  be  considered  as  governed  by  its  own  load  conditions.  If 
these  conditions  could  in  any  case  be  assumed  with  certainty, 
the  problem  for  that  section  could  be  easily  solved;  but  the 
solution  would  not  apply  to  other  sections,  for  it  is  unusual  for 
two  sections  to  have  the  same  load  conditions.  Besides,  a 
change  of  attractions  along  the  line  or  a  shift  of  suburban 
improvements  may  develop  a  gradual  change  in  load  conditions 
more  serious  than  a  daily  or  weekly  shift.  A  certain  line  lay- 
out may  meet  all  existing  requirements,  but  subsequent  changes 
m  the  requirements  may  imbalance  the  system.  It  may  then 
be  necessary  to  make  new  calculations  and  either  change  the 

corvmaMTCo  by  international  tbxtboox  company,    all  niaNTS  rubrvko 
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amount  of  conductor  and  its  disposition  or  install  devices  for 
maintaining  the  voltage;  such  as  boosters  and  storage  batteries. 
Conductors  placed  with  good  judgment  may  satisfactorily 
improve  the  voltage  at  a  desired  point,  but  in  some  cases  the 
installation  of  devices  for  boosting  the  voltage  at  that  point 
may  result  in  more  economical  operation. 


LDfrriNO    CONDITIONS 

2.  Increasing  the  total  cross-sectional  area  of  the  conductor 
system  raises  the  voltage  and  saves  energy  by  reducing  the  line 
loss  and  this  saving  can  be  approximately  calculated.  Know- 
ing the  cost  of  a  imit  of  energy  at  the  power  station,  the  direct 
saving  to  be  effected  by  a  proposed  increase  of  conductor  may 
be  obtained;  then,  knowing  the  cost  of  the  added  conductor, 
including  installation,  the  interest  on  its  total  cost  can  be 
computed. 

Improving  the  feeding  sjrstem  not  only  saves  directly,  by 
reducing  the  line  losses,  but  it  saves  indirectly,  because  raising 
the  voltage  increases  the  car  eflSdency  and  speed  and  decreases 
the  ntunber  of  cars  and  men  required  to  meet  a  certain  time- 
table. Besides,  the  improvement  in  service  attracts  and  creates 
travel  by  adding  to  the  pleasure  riding. 

It  pays  to  install  more  conductor  if  the  cost  of  the  energy 
saved  in  a  year  plus  the  added  income  each  year  exceeds  the 
interest  on  the  total  cost  of  the  added  conductor.  These 
statements  may  be  expressed  in  the  form  of  a  limiting  equation 
such  as: 

interest  on  the  conductor  cost  ^  value  of  energy  saved+added 
income  due  to  improved  service 

The  limiting  value  is  that  the  value  of  the  left-hand  member 
of  the  equation  should  not  exceed  the  value  of  the  right-hand 
member. 
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FEEDER  FORMULAS 

3.  Copper  Conductors. — ^The  resistance  /?  of  a  conductor 
of  commercial  copper  1  foot  long  and  1  circular  mil  in  cross- 
section  is  usually  taken  as  10.8  ohms.  A  conductor  /  feet  in 
length  and  of  1  circular  mil  in  cross-section  has  a  resistance 
<rf  10.8  /,  but  if  the  cross-section  of  the  conductor  is  a  circular 

mils,  the  conductor  resistance  is,  i?= — ■ — . 

a 

The  resistance  of  any  wire  to  the  passage  of  direct  current  is 

equal  to  the  drop  in  volts  u  through  the  length  of  the  wire 

divided  by  the  current  /,  or  /?=-. 

I 

As  these  two  values  ot  Rare  equal,  — '- — =-; 

a       I 

or,  circular  mils  a = (1) 

u 

Drop,  in  volts,  in  the  feeder 

«=12:«ii  (2) 

a 

Example  1. — ^A  copper  feeder  1,000  feet  long  must  carry  a  current  of 
100  amperes,  with  a  drop  of  not  more  than  20  volts.  What  must  be  the 
sectional  area  of  the  conductor,  expressed  in  circular  mils? 

Solution. — Substituting  the  values  of  /« 1,000  ft.,  7-100  amp.,  and 
««  20  volts,  in  formula  1, 

10.8X1.000X100    ,,,^    .        .,       , 

a«= -^        -  -  —54,000  CU-.  mils.    Ans. 

20 

Example  2. — ^A  copper  feeder  having  a  sectional  area  of  54,000  circular 
mils  transmits  a  current  of  100  amperes  a  distance  of  1,000  feet.  What  is 
the  drop,  in  volts? 

Solution. — Substituting  the  values  of  /= 1,000  ft.,  7-100  amp.,  and 
a— 54,000  cir.  mils,  in  formula  2, 

10.8X1,000X100 


54,000 


=20  volts.    Ans. 


4.    K  the  copper  conductor  alone  is  to  be  considered,  the 
value  10.8  ohms  per  mil-foot  is  used  and  the  drop  u  is  that  in 
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the  feeder  alone.  Formulas  1  and  2^  Art.  3,  may,  however,  be 
modified  so  as  to  take  into  consideration  the  approximate 
added  drop  in  the  track-return  circuit  by  using  the  value 
14  ohms  per  mil-foot  for  the  combination  of  copper  and  steel- 
rail  conductors  and  the  value  of  «  as  the  total  drop  in  both  the 
outgoing  and  the  return  conductors. 
The  size  of  the  copper  conductor  is  then, 

circular  mils  o  = (1) 

u 

and  the  drop  in  the  outgoing  and  the  return  conductors  is, 

u=Mii  (2) 

a 

The  formulas  of  this  article  should  be  used  only  when  the 
track  bonding  is  known  to  be  in  good  condition.  If  the  track 
is  poorly  bonded,  the  calculated  results  will  not  be  reliable. 

6.  Aluminum  Conductors. — ^Aliunintun  feeders  are  used 
to  some  extent  in  low-tension  railway  work.  Comparison  of 
conductors  of  different  materials  receives  treatment  in  Long- 
Distance  Transmission  of  Electrical  Energy.  The  resistance 
per  mil-foot  of  aliunintun  conductor  is  here  taken  as  17.17  ohms. 
The  formulas  relating  to  the  outgoing  alimiinum  feeder  alone  are, 

17.17//  ... 

a  = (1) 

u 

17.17 /J  .ox 

w  = (2) 

a 

Example  1. — ^An  aluminum  feeder  1,000  feet  long  must  carry  a  current 
of  100  amperes,  with  a  drop  of  not  more  than  20  volts.  What  must  be  the 
sectional  area  of  the  conductor? 

Solution. — Substituting  the  values  of  /- 1,000  ft.,  7=100  amp.,  and 
«=20  volts,  in  formula  I9 

17.17X1,000X100 


20 


■  =85,850  cir.  mils.    Ans. 


BxAMPi.E  2. — ^An  aluminimi  feeder  having  a  sectional  aj-ea  of  85,850  cir- 
cular mils  transmits  a  current  of  100  amperes  a  distance  of  1 ,000  feet.  What 
is  the  drop,  in  volts? 
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Solution. — Substituting  the  values  of  /» 1,000  ft.,  7=100  amp.,  and 
a  » 85,850  dr.  mils,  in  formula  2, 

17.17X1.000X100    ^     ,^       ^ 

tt « ^^^^^ 20  volts.    Ans. 

85,850 

6.    If  the  added  drop  in  the  return  chxniit  is  also  to  be 

considered,  as  explained  in  connection  with  copper  feeders,  the 

value  22  ohms  per  mil-foot  for  the  combination  of  altuninum 

and  steel-rail  conductors  gives  approximate  results  when  the 

rail  bonds  are  in  good  condition.    The  formulas  of  Art.  6 

become, 

22//  ,-. 

a= (1) 

u 

u=^ll         (2) 


TRACK  RESISTANCE 


BAIL   AND    BOND    DATA 

7m  Resistance  of  Steel  Rails. — ^The  resistance  of  steel 
rails  varies  greatly,  as  it  depends  on  the  composition  of  the 
steel.  Track  rails  are  selected  for  their  wearing  qualities; 
hence,  hardness  is  essential,  but  the  harder  the  rails  the  higher 
is  the  resistance.  The  service  of  conductor,  or  third,  rails, 
however  is  not  as  severe  as  that  of  track  rails,  hence  these  rails 
are  sometimes  made  of  softer  steel,  in  which  cases  they  are 
better  conductors  than  the  track  rails. 

The  relative  resistance  of  steel  track  rails  as  compared  to 
similar  rails  if  made  of  copper  is  frequently  taken  as  12  to  1 
or  13  to  1;  the  relative  resistance  of  conductor  rails  made  of 
soft  steel  to  similar  rails  if  made  of  copper  is  sometimes  taken 
as  8  to  1.  These  ratios  will  be  referred  to  as  the  resistance 
ratios;  they  do  not  apply  to  all  rails,  and  the  manufacttu^rs 
should  be  consulted  when  greater  accuracy  is  desired. 

S.  Comparison  of  Newly  Bonded  Joint  and  Solid 
Rails. — ^A  comparison  of  a  newly  bonded  rail  joint  and  a 
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corresponding  length  of  solid  rail  indicates,  in  some  cases,  that 
the  resistance  of  the  joint  is  as  low  or  sometimes  lower  than  the 
resistance  of  the  rail.  After  the  rails  have  been  in  service,  the 
jarring  to  which  the  joints  are  subjected  may  greatly  increase 
the  resistance  from  rail  end  to  rail  end. 

A  bond  conductor  of  0000  B.  &  S.  wire  has  a  sectional  area 
of  .1662  square  inch,  which,  taking  the  resistance  of  rail  steel 
as  twelve  times  that  of  copper,  is  equivalent  to  .1662X12 
=  1.994  square  inches  of  rail.  Assuming  that  a  bond  1  foot  long 
connects  two  60-pound  rails,  each  rail  having  a  sectional  area 

TABLE  I 
UBNOTH    OF   BAIL    BQUAL    IN    RESISTANCE    TO    1-FOOT    BONDS 


Rail 
Cross- 
Section 
Square 
Inches 

Copper 
Section 

for 
Equal 
Conduc- 
tance 
Square 
Inches 

Kind  of  Bond 

Weight 
Pounds 

vSd 

One 
0000 

Two 
0000 

One 
000 

Two 
000 

One 
00 

Two 
00 

One 
0 

Two 
0 

Feet  of  Rail  Equal  in  Resistance  to  Bond 
ResisUnce  Ratio  xa  to  i 

I  Foot  Long; 

6o 

6.0 

.5 

3.00 

1.50 

3.80 

1.90 

4.80 

2.40 

6.00 

3.00 

65 

6.5 

.54 

3.26 

1.63 

4.10 

2.05 

5.20 

2.60 

6.52 

3.26 

70 

7.0 

■58 

350 

1.75 

4.44 

2.22 

560 

2.80 

7.00 

3.50 

75 

7.5 

.63 

3.76 

1.88 

4-74 

2.37 

6.00 

3.00 

7.52 

3.76 

8o 

8.0 

.67 

4.00 

2.00 

5.06 

2.53 

6.40 

3.20 

8.00 

4.00 

85 

8.5 

.71 

4.26 

2.13 

5.38 

2.69 

6.80 

3.40 

8.52 

4.26 

90 

9.0 

.75 

450 

2.25 

5.70 

2.85 

7.20 

3.60 

9.00 

4.50 

95 

9.5 

.79 

4.76 

2.38 

6.00 

3.00 

7.60 

3.80 

9.52 

4.76 

100 

lO.O 

.83 

5.00 

2.50 

6.32 

3.16 

8.00 

4.00 

10.00 

5.00 

of  6  square  inches,  the  resistance  of  the  bond  conductor  will 
be  equivalent  to  6 -J- 1.994  =  3  feet  of  rail.  The  contact  resis- 
tance between  rails  and  bond  terminals  is  not  here  considered. 
The  resistance  of  a  rail  joint  is  the  resistance  of  the  parallel 
paths  consisting  of  the  channel  plates  and  the  bond  conductor 
and  its  contacts  with  the  rail.  The  resistance  of  the  paths 
through  the  channel  plates,  especially  after  the  joint  has  been 
in  service  for  some  time,  is  so  imcertain  that  they  are  not  usually 
considered  when  the  resistance  of  the  joint  is  being  calculated. 
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The  cross-section  of  the  bond  conductor  that  is  to  be  installed 
is  usually  proportioned  to  the  size  of  rail  used;  thus,  90-pound 
rails  should  be  bonded  more  heavily  than  60-pound  rails;  the 
increase  in  bond  conductance  is  preferably  obtained  by  using 
two  or  more  bonds  in  parallel  for  each  joint. 

Table  I  shows  rail  lengths  equivalent  in  resistance  to  bonds  of 
different  cross-sections  but  all  1  foot  long.  The  resistance  of  the 
bond  contacts  is  not  considered  in  this  table.  For  example,  if  a 
joint  with  70-poimd  rails  is  bonded  with  two  No.  0000  bonds  each 
1  foot  long,  the  parallel  resistance  of  the  two  bonds  is  equiva- 
lent to  that  of  1.75  feet  of  rail,  the  resistance  ratio  being  12  to  1. 

9.  A  rail  is  bonded  to  full  condtictance  when  the  resistance  of 
a  given  length  of  bonded  rail  is  considered  as  being  equal  to  the 

TABLE  n 

SBCnONAL   ABBA    OF    BONDS    WITH    BE»ISTANCE    BQUIVALBNT 

TO    THAT   OF    BJlUA 


Resistance  Ratio 

Weight  of  Rail 

12  to  I 

13  to  I 

Pounds  per  Yard 

Circular  Mils  of  Copper  Equal  to  Steel 

of  Resistance  Ratio 

50 

530.515 

489*705 

60 

636,618 

587*646 

70 

742,721 

685,587 

75 

795»773 

734*558 

80 

848,825 

783*528 

90 

954*928 

881,469 

100 

1,061,030 

979*410 

resistance  of  a  continuous  rail  of  the  same  length  plus  the  total 
contact  resistance  of  the  bonds  used  on  the  rail.  Rails  on  roads 
that  operate  under  very  heavy  traffic  conditions  are  sometimes 
bonded  to  full  conductance,  but  usually  it  is  unnecessary  to 
install  so  much  bond  copper. 

Table  II  shows  the  sectional  area  of  copper  conductors  that 
have  the  same  resistance  per  imit  length  as  steel  rails  having 
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resistance  ratios  of  12  to  1  and  13  to  1.  Table  III  shows  the 
resistance  per  mile  of  rails  and  tracks  bonded  to  full  conduc- 
tance. Table  IV  shows  the  resistance  per  mile  of  conductor 
rails  having  a  resistance  ratio  of  8  to  1. 

TABLE  in 

RESISTANCE    PER    MILE    OF    RAIL    AND    TRACK    BONDED   TO 
FULL   CONDUCTANCE,    RESISTANCE    RATIO    12    TO    1 


Weight  of 

Rail 

Pounds 

per  Yard 

One  Rail, 

One  Rail, 

Two  Rails, 

Four  Rails, 

Contact 

kesistance 

per  Joint 

Ohm 

No  Joints 
Ohm 

176  Joints 
Ohm 

352  Joints 
Ohm 

704  Joints 
Ohm 

60 

.08765 

.094954 

.047477 

.023739 

.0000415 

65 

.08090 

.087641 

.043821 

.021910 

.0000383 

70 

.07513 

.081378 

.040689 

.020345 

.0000355 

75 

.07012 

.075963 

.037982 

.018991 

.0000332 

80 

.06573 

.071204 

.035602 

.017801 

.0000311 

85 

.06187 

.067009 

.033505 

.016752 

.0000292 

90 

•05843 

.063270 

.031635 

.015818 

.0000275 

95 

.05535 

.059926 

.029963 

.014982 

.0000260 

100 

.05259 

.056955 

.028476 

.014239 

.0000248 

TABLE  IV 

RESISTANCE    PER    MILE    OF    CONDUCTOR    RAIL   BONDED    TO 
FULL   CONDUCTANCE.    RESISTANCE    RATIO    8   TO    1 


Weight  Rail 

One  Rail, 

One  Rail, 

Two  Rails, 

Pounds 

No  Joints 

176  Joints 

352  Joints 

per  Yard 

Ohm 

Ohm 

Ohm 

60 

.058433 

.0632994 

.0316497 

65 

.053933 

.0584210 

.0292105 

70 

.050080 

■0542512 

.0271256 

75 

.046746 

.0506400 

.0253200 

80 

.043820 

.0474799 

■0237399 

85 

.041246 

.0446824 

.0223412 

90 

.038953 

.0421958 

.0210979 

95 

.036900 

.0398920 

.0199460 

100 

.035060 

.0379816 

.0189908 
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BAIL-BE»ISTANCE    FOBMUIiAS 

10«  Track-Rail  Resistance. — One  square  inch  equals 
1,273,000  circular  mils,  approximately.  If  1  mil-foot  of  copper 
wire  has  a  resistance  of  10.8  ohms,  a  bar  of  copper  3  feet  long 
and  1  square  inch  in  sectional  area  will  have  a  resistance  of 

10  8X3 

— '- ohm.    If  the  resistance  ratio  is  12  to  1,  the  resistance 

1,273,000 

of  a  bar  of  rail  steel  1  yard  long  and  1  square  inch  in  sectional 

.         10.8X3X12        .  r^u  ^1  A      ' 

area  is  ohm.    The  sectional  area  A  in  square 

1,273,000 

inches  of  a  rail  may  be  determined  approximately  by  dividing 

W 
the  weight  per  yard  I^y,  in  pounds,  by  10,  or  A  =  — -,    One 

yard  of  rail  having  a  weight  of  Wy  has  a  resistance  approxi- 

^  ,       r   D       10.8X3X12    -        ,-       . 
mately  of  /?y= ohm;  therefore, 

1,273,000  -^ 
10 

/?,='^ohm  (1) 


One  thousand  feet  of  rail  having  a  weight  per  yard  of  Wy  has 
X^ 

Wy 


r>      .008X^«  ^,       . 
a  resistance  /<«= =— ;  therefore, 


/?,=_Lohm  (2) 

Wy 


y 


One  mile  of  rail  having  a  weight  per  yard  of  Wy  has  a  resis- 
003N/ijiaiL 
tance  Rm=' ^— ;  therefore, 

Wy 

/?,.=— ohm  (3) 

Wy 

Example  1. — What  is  the  resistance  of  1  yard  of  rail-steel  bar  weigh- 
ing 10  pounds  a  yard  and  having  a  resistance  ratio  of  12  to  1? 

Solution. — Substituting  for  Wy  in  formula  1,  its  value  10,  Ry = .003  -^  10 
». 0003  ohm.    Ans. 
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Example  2. — What  is  the  resistance  of  1,000  feet  of  steel  rail  weigh- 
ing 50  pounds  a  yard  and  having  a  resistance  ratio  of  12  to  1? 

Solution. — Substituting  for  Wy  in  formula  2  its  value  60,  Rt^-^ 
B  .02  ohm.    Ans. 

Example  3.— What  is  the  resistance  of  1  mile  of  steel  rail  weighing 
100  pounds  a  yard  having  a  resistance  ratio  of  12  to  1? 

Solution. — Substituting  for  Wy  in  formula  3  its  value  100,  Rm^5.2S 
+ 100  -=  .0628  ohm.    Ans. 

11.  Conductor-Rail  Resistance. — ^The  following  for- 
mtdas  for  determining  the  resistance  of  conductor  rails  of  special 
steel  are  based  on  the  resistance  ratio  of  8  to  1. 

P      .002    ,  ,^v 

Ry= ohm  (1) 

Wy 

\ 

/?!=—  ohm  (2) 

Wy 

i?^=-^?  ohm  (3) 

Wy  . 

12.  Calculation  of  Track  Resistance. — In  the  formulas 
of  Arts.  10  and  11^  the  resistance  of  a  continuous  rail  is 
assumed.  The  formulas  apply  to  bonded  rails  if  they  are 
bonded  to  at  least  full  conductance.  It  should  be  imderstood 
that  these  formulas  give  results  of  only  approximate  accuracy 
and  that  these  results  do  not  necessarily  check  exactly  with 
data,  such  as  given  in  Tables  III  and  IV. 

A  single-track  road  has  two  lines  of  rails  in  parallel;  a  double- 
track  road,  four  lines  of  rails;  and  a  four-track  road,  eight  lines 
of  rails;  therefore,  when  considering  the  resistance  of  the  por- 
tion of  the  return  circuit  formed  by  the  rails,  the  resistance 
of  one  rail  for  the  calculated  distance  should  be  divided  by 
the  nimiber  of  rails  in  parallel.  It  is  considered  that  the 
rails  are  bonded  to  full  conductance  and  that  the  tracks  are 
cross-bonded. 

If  the  condition  of  the  joints  is  not  known,  100  or  more 
of  them  should  be  measured  for  resistance  in  order  to  deter- 
mine what  resistance  if  any  should  be  added  to  the  resistance 
of  the  rails. 
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FEEDER  PROBLEMS 


DiflrrRiBunoN  of  voi/taob  in  the  transmission  cntcvrr 

13«  It  is  necessary  to' provide  suiBcient  conductor  in  the 
feeder  portion  and  in  the  track-return  portion  of  the  complete 
circuit  to  maintain  at  the  cars  the  voltage  required  for  satis- 
factory operation.  The  weight  of  rail  is  determined  by  the 
traffic  considerations  and  the  resistance  of  the  track  circuit 
can  then  be  estimated.  The  amount  of  current  may  be  esti- 
mated from  the  ntmiber,  weight,  and  speed  of  the  cars  liable  to 
be  in  service  at  the  same  time  on  the  section  of  road  under 
consideration.  The  probable  drop  in  the  track  circuit  may  then 
be  calculated.  On  different  roads  the  total  drop  in  the  trans- 
mission circuits  usually  varies  from  10  to  20  per  cent.,  where 
boosters  are  not  used,  and  may  be  as  high  as  40  per  cent,  of 
the  total  generated  voltage  when  a  booster  is  in  service. 

The  drop  in  the  feeders,  neglecting  that  in  the  mains  and 
trolley  wires,  is  equal  to  the  total  allowable  drop  in  the  trans- 
mission circuit  minus  the  drop  in  the  track  portion  of  the  circuit. 
The  size  of  the  feeders  may  be  calculated  if  their  length,  the 
current,  and  the  allowable  drop,  in  volts,  are  known. 


STATION    AT   ONE    END    WITH    LOAD    AT   OTHER   END 

14.  Fig.  1  shows  the  layout  of  a  single-track  road  5  miles 
long.  The  station  is  at  the  extreme  left  and  the  load  consists 
of  ten  10-ton  cars  requiring  a  total  current  of  200  amperes. 

2 , Oi^ , , 4 


SM^vff 


'ioSt^ 


^7?v//€ymr»'{?0 


Fig.  1 


The  generator  voltage  is  500  and  the  voltage  at  the  other  end 
of  the  line  when  all  cars  are  operating  at  that  point  must  be  400 ; 
that  is,  the  allowable  drop  is  100  volts.  The  track  consists  of 
80-potmd  rails  bonded  to  full  conductance.    The  trolley  wire  is 
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No.  00  and  is  in  parallel  with  the  feeder,  the  two  conductors 
being  connected  at  intervals.  What  must  be  the  size  of  the 
feeder  A  B  when  the  total  load  is  at  the  end  of  the  line  remote 
from  the  station,  a  condition  that  rarely  occurs,  but  which  calls 
for  maximum  sectional  area  of  feeder  conductor  for  a  given  drop. 
The  resistance  of  the  track  is  taken  as  .0356  ohm  a  mile,  as 
indicated  in  the  fifth  line  of  the  fourth  coltimn  of  Table  III. 
The  resistance  of  the  5-mile  track-return  circuit  is  .0356X5 
=  .178  ohm;  the  drop,  in  volts,  is  .178  ohm X 200  amperes 
=35.6  volts;  and  the  drop,  in  volts,  for  the  feeder  and  trolley 
in  parallel  is  100.0-35.6  =  64.4  volts. 

16«  Size  of  Copper  Feeders. — ^A  copper  feeder  to  carry 
200  amperes  5  miles,  or  26,400  feet,  with  a  maximimi  drop  of 
64.4  volts  may  be  calculated  by  substituting  the  values  of  i,  /, 
and  u  in  formula  1^  Art.  3.    The  sectional  area  of  the  com- 

uAf.^          ^4-11                   10.8X26,400X200    QOKnnA 
bmed   feeder  and  trolley   is,   a= =886,000 

circular  mils.  ^' 

The  sectional  area  of  the  No.  00  trolley  wire  is  approximately 

133,000  circular  mils,  therefore  the  copper  feeder  must  have 

a  sectional  area  of  885,000-133,000=752,000  circular  mils. 

A  750,000  circular  mil  cable  is  the  nearest  standard  size  and  this 

should  be  used. 

16.  Size  of  Aluminum  Feeders.— ^The  size  of  an  alumi- 
num feeder  to  be  used  in  place  of  the  copper  feeder  may  be 
determined  for  the  problem  of  Art.  14,  by  first  finding  the  part 
of  the  total  current  that  the  No.  00  copper  trolley  carries. 
Substitute  in  formula  1,  Art  3,  the  values,  a =133,000;  / 

=  26,400,  and  «  =  64.4;  133,000  =  ^^'^^^*^^^^;  from  which, 

64.4 

^     133,000X64.4    _ 

/  = =30  amperes. 

10.8X26,400 

If  the  trolley  current  is  30  amperes,  the  current  in  the  alumi- 
num feeder  is  200— 30  =  170  amperes.     Substituting  the  values 

,  1    T       A       '     ^         1     -I     A^    K  17.17X26,400X170 

of  /,  /,  and  u  m  formula  J,  Art.  5,  a= 

64.4 

=  1,197,000  circular  mils,  about.    The  nearest  standard  size 
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of  almnintun  cable  has  a  sectional  area  of  1,000,000  circular 
mils.  If  this  were  used  the  drop  would  be  a  little  over  that 
allowed  in  the  problem. 

The  mil-foot  constant  for  copper  is  taken  as  10.8  and  the 
constant  for  alumintmi  as  10.8X1.59  =  17.17;  therefore,  a 
simple  method  to  determine  the  equivalent  size  of  an  alimunum 
feeder  when  the  size  of  the  copper  feeder  is  known  is  to  multiply 
the  sectional  area  of  the  copper  feeder  by  1.59.  The  sectional 
area  of  the  copper  feeder  of  this  problem  is  752,000  circular 
mils  and  752,000X1.59=1,196,000  circular  mils,  the  sectional 
area  of  the  alimiinum  feeder.  The  difference  in  the  results 
obtained  by  the  two  methods  is  negligible. 


STATION    AT   ONE    END    WITH    LOAD    EVENLY    DISTRIBUTED 

!?•  Under  ordinary  operating  conditions,  the  cars  are  dis- 
tributed with  approximate  regularity  along  the  length  of  the 
road.  The  current  in  the  feeder  is  greatest  at  the  station  end 
and  gradually  decreases  to  zero  at  the  distant  end.  If  the  cars 
are  evenly  distributed,  it  may  be  assumed  when  making  feeder 
calculations  that  one-half  of  the  total  current  is  transmitted 
the  whole  length  of  the  feeder  or  that  the  total  current  is 
transmitted  from  the  station  to  a  point  distant  one-half  the 
length  of  the  feeder. 

If  an  even  distribution  of  the  load  of  ten  cars  is  asstuned  in 
the  installation  shown  in  Fig.  1  and  the  feeders  calculated  for 
50  volts  total  drop  when  the  total  current  is  considered  as 
transmitted  one-half  the  total  length  of  the  road,  the  following 
results  are  obtained. 

18.    The  value  of  /  in  formula  1,  Art.  3,  is  now  26,400Xi 

=  13,200  feet;  the  value  of  /  is  the  total  current,  200  amperes; 

the  resistance  of  2^  miles  of  single  track  laid  with  80-pound  rails 

is  2JX. 0356  =  .089  ohm  and  the  drop  due  to  the  passage  of 

200  amperes  is  .089X200=17.8,  the  value  of  u  being  50-17.8 

=32.2  volts.    Substituting  values  in  the  formula,  the  sectional 

t^u          w    At    A        ^^    II     •          10.8X13,200X200 
area  of  the  combmed  feeder  and  trolley  is,  a= 

= 885,000  circular  mils.  ^^.2 
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Subtracting  the  sectional  area  of  the  trolley,  the  sectional 
area  of  the  feeder  is  886,000-133,000=752,000  circular  mils 
for  a  copper  feeder. 

An  aluminum  feeder  for  the  same  service  shotald  have  a 
sectional  area  of  752,000X1.59  =  1,196,000  circular  mils. 

19.  The  size  of  the  feeder  is  the  same  as  that  required  to 
supply  a  similar  total  load  banked  at  the  end  of  the  system, 
but  with  a  maximum  allowable  drop  of  100  volts.  With  the 
same  size  of  feeder  and  total  load,  a  distributed  load  will  cause 
but  one-half  of  the  drop  as  a  banked  end  load.  If  the  drop  is 
to  be  the  same  in  both  cases,  the  distributed  load  will  require 
a  feeder  only  one-half  the  size  of  that  for  a  banked  end  load. 

If  one-half  of  the  current  is  considered  as  transmitted  the 
whole  length  of  the  road,  the  value  of  /= 26,400  feet  and  the 
value  of  7  =  100  amperes  and  the  calculated  result  is  identical 
with  that  of  the  other  method. 


STATION    AT   CENTER   OF   ROAD   WITH   LOAD   BANKED 
AT    ONE   END 

20.  With  the  station  at  the  center  of  the  road  and  the  total 
load  banked  at  one  end,  the  amoimt  of  conductor  is  much  less 
than  with  the  station  at  one  end  and  the  total  load  banked  at 
the  distant  end.  In  the  case  of  ten  cars,  requiring  a  total 
current  of  200  amperes,  at  A  or  B,  and  the  station  at  5,  Fig.  2, 


IZ 


-26400 


'f3200 


^ 


Pig.  2 


with  the  generator  voltage  500;  the  maximtun  allowable  drop 
100  volts,  and  the  single  track  laid  with  80-poimd  rails,  the 
drop  in  the  track  circuit  2§X. 0356X200 =17.8  volts.  The 
value  of  u  is  100-17.8=82.2;  the  value  of  7=200  amperes; 
and  the  value  of  /  =  13,200  feet.    Substituting  these  values  in 
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t        1    -I    A-^  Q         10.8X13,200X200    o^f^nnA   •      i         i 

formula  1,  Art.  3,  a  = =347,000  orctdar  mils 

'  '  82.2 

for  copper  feeder  and  No.  00  trolley  wire.    The  sectional  area  of 

the  copper  feeder  is  347,000-133,000=214,000  circular  mils; 

so  a  No.  0000  copper  feeder  would  probably  be  used. 

An  aluminimi  feeder  for  the  same  service  should  have  a 
sectional  area  of  214,000X1.69  =  340,000  circular  mils. 

The  result  of  locating  the  station  at  the  center  instead  of  at 
the  end  of  the  road  as  in  the  problem  of  Art.  14  is  to  permit  the 
use  of  a  feeder  approximately  one-fourth  the  size. 

21.  Allowance  for  Rail  Drop, — ^An  allowance  for  rail 
drop  is  incorporated  in  the  constants  of  the  formulas  of  Arts.  4 
and  6.  These  constants  are  based  on  the  assumption  that  the 
resistance  of  the  rail  return  is  not  usually  as  high  as  the  resis- 
tance of  the  overhead  portion  of  the  circuit  nor  less  than  .25  per 
cent,  of  it.  The  formulas  are  approximate  for  calculating 
feeders  when  the  bonded  joints  are  in  good  condition.  If  after 
installation  the  total  drop  is  foimd  to  exceed  that  assumed, 
the  bonding  of  the  joints  probably  needs  attention. 


STATION    AT   CENTER    WITH    SECTIONALIZED    UNB 

22.  Fig.  3  shows  the  general  arrangement  of  feeders,  mains, 
and  trolley  wires  for  a  double-track  road  that  is  divided  into 
seven  sections  by  insulators  a,  fc,  c,  d,  e,  and  /.  The  number 
of  cars  in  each  section,  the  total  current  taken  by  each  section, 
the  length  of  the  sections  and  of  the  feeders  i  to  7  which  extend 
from  station  g  are  as  indicated.  The  two  trolley  wires  are  of 
No.  00  copper;  feeders  No.  1,2,S,  4,  and  5  are  of  copper  and 
feeders  6  and  7  of  aluminimi.  The  feeders  are  connected  to 
the  centers  of  the  sections  and  the  mains  and  the  trolley  wires 
are  tied  together  at  frequent  intervals.  The  rail-rettim  circuit 
is  assumed  to  be  in  such  condition  that  the  constants  14  ohms 
per  mil-foot  for  the  combined  copper  and  track  and  22  ohms  for 
the  combined  alimiinimi  and  track  may  be  used,  as  explained  in 
Arts.  4  and  6.  The  drops  in  the  mains  and  in  the  trolley  wires 
will  not  be  considered  in  the  feeder  calculations.    A  total 

266^13 
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of  thirty-seven  cars  are  tised  to  enable  the  road  to  operate  a 
2-minute  time  table.  The  bus-bar  voltage  is  600  and  a  line 
voltage  of  550  is  maintained  at  all  sections.  The  permissible 
drop  in  the  transmission  circuit  of  each  section  is,  therefore, 
60  volts  imder  the  assumed  conditions.  The  sections  in  which 
the  traffic  is  congested  take  more  current  than  the  outlying 
sections  because  there  are  more  cars  on  the  central  sections 
and  they  start  oftener.  The  following  data  relates  to  the 
various  sections: 


Num- 
ber of 

Length  of 

Feeder 

Feet 

Material  of 
Feeder 

Number 
of  Cars 

in 
Section 

Num- 
ber of 
Tons 

Current  Supplied 

Each  Section 

Amperes 

Feeder 

Per 
Ton 

Per 
Feeder 

I 
2 

3 
4 
5 
6 

7 

i,8oo 
i,8oo 
5»48o 
5»48o 
8,ooo 

I0,200 
I2,000 

Copper 
Copper 
Copper 
Copper 
Copper 
Aluminum 
Altuninum 

7 
7 
7 
7 
4 
3 

2 

70 
70 
70 
70 
40 
30 
20 

30 
3.0 
2.6 
2.6 

2.3 
2.0 

2.0 

210 

210 

182 

182 

92 

60 

40 

23«  Copper  Feeders. — Formula  1,  Art.  4^  is  used  to 
determine  the  sectional  area  of  the  copper  feeders.  The  values 
for  the  different  feeders  that  are  to  be  substituted  in  the  formula 
may  be  taken  from  Fig.  3  or  from  the  tabulated  data  of  Art.  22. 

For  feeders  Nos.  1  and  2,  ^^  1^X1,800X210^^^         ^_ 

60 
cular  mils,  about.    The  nearest  standard  conductor  is  No.  0. 
In  this  case,  however,  the  carrying  capacity  of  the  conductor 
dictates  the  choice  of  at  least  a  No.  00  conductor,  as  will  be 
explained  later. 

For  feeders  No.  3  and  4,  ^^1^X5,480X182^       q^q  ^_ 

50 
cular  mils.    The  nearest   standard   single  conductor   has  a 
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sectional  area  of  250,000  circular  mils.  Two  No.  00  conductors 
having  a  combined  sectional  area  of  266,200  circular  mils  would 
probably  be  used. 

For  feeders  No.  5,  a  =^^^^^^^^^=206,000  circular  nuls. 

50 

The  nearest  standard  conductor  is  No.  0000,  which  has  a 

sectional  area  of  211,600  circular  mils  and  would  probably 

be  used. 

24.  Aluminum  Feeders. — Formula  1,  Art.  6,  is  used  to 
determine  the  cross-sectional  area  of  the  aluminum  feeders. 

For  feeder  No.  6,  ^^^2X10,200X60^  circular  mils. 

50 
The  nearest  standard  alimiinum  conductor  has  a  sectional  area 
of  250,000  circular  mils  and  would  probably  be  used. 

For  feeder  No.  7,  ^ ^ 22 X  12,000X40  ^^^  circular  mils. 

50 
The  nearest  standard  alumintmi  conductor  is  No.  0000,  having 
a  sectional  area  of  211,600  circular  mils,  and  this  would  probably 
be  used. 

25.  Curront-Carpylngr  Capacity  of  Feeders* — ^When 
calculating  the  size  of  a  long  feeder  for  a  permissible  drop  in 
volts,  the  calculated  result  will  usually  indicate  a  size  of  feeder 
large  enough  to  carry  the  necessary  current  safely.  When  the 
size  of  a  short  feeder  is  calculated,  however,  the  result  may 
indicate  a  size  of  feeder  that  is  not  large  enough  to  carry  the 
current  safely.  It  is  well,  therefore,  to  check  the  calculated 
wire  with  a  table  showing  the  current-carrying  capacity  of 
conductors. 

In  the  case  of  the  feeders  1  and  8  of  Fig.  3,  the  calculated 
feeder  No.  0  is  not  large  enough  to  carry  safely  a  current  of 
210  amperes,  therefore,  a  No.  00  or  larger  feeder  should  be 
used  for  each  of  these  sections.  The  feeders  indicated  by  the 
other  calculations  are  of  sufficient  sectional  area  to  carry  safely 
the  required  current. 

When  checking  the  carrying  capacity  of  an  alumintmi  feeder, 
reference  should  be  made  to  the  carrying  capacity  of  the 
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equivalent  copper  conductor  as  indicated  in  Long-Distance 
Transmission  of  Electrical  Energy.  The  carrying  capacity 
of  an  aluminum  feeder  may  be  safely  assumed  equal  to  that  of 
a  copper  conductor  of  equal  length  and  resistance;  in  fact,  the 
aluminum  conductor  being  larger  has  greater  radiating  surface 
and  should  remain  cooler  than  the  copper  conductor  when 
canying  the  same  current. 

Table  V  indicates  approximately  the  current-carrying  capac- 
ity of  copper  feeders  with  an  allowance  of  about  25**  F.  rise  in 

TABLE  V 
CURRENT-CARBTINO    CAPACITY    OF   COPPER    FEEDERS 


Gauge  Number 

Approximate  Sectional  Area 

of  Feeder 

Circular  Mils 

Capacity  of  Feeder 
Amperes 

500,000 

509 

400,000 

426 

350»ooo 

388 

300,000 

355 

250,000 

319 

oooo 

211,600 

275 

ooo 

167,800 

237 

oo 

133,100 

195 

o 

105,500 

168 

I 

83,690 

143 

temperature  above  the  surroimding  air.  The  ctirrent-carrying 
capacity  of  a  conductor  does  not  increase  in  direct  proportion 
to  its  sectional  area  because  the  cross-section  increases  as  the 
square  of  the  diameter  and  the  radiating-surface  area  as  the 
first  power  of  the  diameter. 

26.  Checking  Feeder  Calculations  for  Drop  In  Vol- 
tage.— ^The  data  of  Tables  VI  and  VII  may  be  used  to  check  the 
results  of  the  feeder  calculations.  Take  for  instance  feeder  7. 
The  resistance  of  1,000  feet  of  No.  0000  altiminum  cable, 
Table  VII,  is  .08  ohm  approximately;  12,000  feet  has  a  resis- 
tance of  .96  ohm.    The  feaier  drop  with  a  current  of  40  amperes 
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is  38.4  volts.  Assuming  that  90-pound  rails  are  used  on  the 
double  track  and  that  the  distance  along  the  track  from  the 
distant  end  of  feeder  7  to  the  station,  Fig.  3,  is  3.1  miles, 
approximately,  the  resistance  of  1  mile  of  double  track  with 
90-pound  rails,  Table  III,  is  .016818  ohm;  3.1  miles  will  have 
a  resistance  of  .049  ohm.  The  drop  for  a  current  of  40  amperes 
is  1.96  volts.  The  drop  in  feeder  and  track  rettim  is  38.4 
+1.96=40.36  volts.  This  indicates  that  the  bonds  must  be 
in  poor  condition  to  bring  the  total  drop  to  60  volts  when  a 
No.  0000  feeder  is  used. 

Copper  feeder  6  may  be  checked  in  a  similar  manner.  The 
resistance  of  8,000  feet  of  No.  0000  copper  conductor,  Table  VI, 
is  .0489X8 =.3912  ohm.  The  resistance  of  2  miles  of  track  is 
.015817X2  =  .031634  ohm.  The  total  resistance  of  feeder  and 
track  is  .3912+ .031634  =  .422834  ohm.  The  drop  in  the  feeder 
and  track  when  carrying  a  current  of  92  amperes  is  .422834X92 
=38.9  volts.  The  rails  may  be  bonded  to  considerably  less 
than  full  conductance  and  yet  the  total  drop  will  not  exceed 
60  volts  when  feeder  6  is  of  No.  0000  copper  wire. 


SINOLB-PHASB    ALTEBNATINO-CUBBENT    BOAD 

27.  When  alternating  current  is  used  for  propulsion,  the 
drop  in  voltage  in  the  feeder  and  track  return  of  a  system  is 
much  greater  than  when  the  same  value  of  direct  current  is 
used,  because  of  the  inductance  of  the  circuit.  It  has  been 
experimentally  determined  that  the  impedance  of  the  overhead 
copper  feeder  and  trolley  wire  with  26-cycle  alternating  current 
is  1.5  times  their  resistance  to  the  passage  of  direct  current;  and 
that  the  impedance  of  the  track  return  is  6.6  times  its  resistance 
with  direct  current.  These  are  figures  of  approximate  value 
only.  Under  conditions  of  similar  values  of  current  and  drop 
in  voltage,  the  feeder  for  alternating-current  propulsion  would 
therefore  be  much  larger  than  that  required  for  direct-current 
propulsion. 

It  is  customary,  however,  to  use  higher  voltages  and  corre- 
spondingly lower  currents  in  alternating-current  railway  work. 
Alternating  voltages  as  high  as  11,000  are  in  use,  and  with  the 
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same  per  cent,  drop  as  in  direct-current  work,  the  allowable 
drop,  in  volts,  for  the  alternating-current  feeders  is  high  enough 
to  permit  the  use  of  feeders  of  moderate  size. 

28.  The  calculation  of  feeders  for  a  single-phase  alternating- 
current  road  may  be  made  with  approximate  accuracy  as 
follows:  The  drop  in  the  track  return  for  the  same  value  of 
direct  current  as  the  alternating-current  load  is  calculated  and 
this  value  multiplied  by  6.6  gives  the  track-return  drop  for 
alternating  current.  The  total  alternating-current  drop  is 
found  by  multiplying  the  impressed  line  voltage  at  the  station 
by  the  per-cent.  drop  that  is  to  be  allowed.  Subtracting  the 
alternating-current  track  return  drop  from  the  total  drop  gives 
the  alternating-current  drop  to  be  allowed  for  the  feeder.  The 
direct-current  drop  for  the  feeder  equals  the  alternating-current 
drop  divided  by  1.5.  When  the  direct-ciurtot  drop  for  the 
feeder  is  determined,  the  size  of  copper  feeder  may  be  calcu- 
lated by  formula  1,  Art  3,  and  for  an  aluminum  feeder  by 
formula  I9  Art.  5. 


THDEtD-BAIL    BOAD 

29.  Conductor  rails  have  considerable  current-carrying 
capacity,  and  with  roads  on  which  the  load  is  not  heavy,  the 
conductor  rails  serve  to  transmit  the  entire  current,  thus  making 
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Pig.  4 

unnecessary  the  use  of  copper  feeders.  On  third-rail  roads 
involving  the  operation  of  trains  over  long  distances,  however, 
copper  feeders  are  usually  installed. 

Fig.   4  shows  a  double-track  road  supplied  with  current 
through  two  conductor  rails  a  from  a  substation  b  at  the  middle 
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of  the  system.  The  station  voltage  is  650  and  the  allowable 
drop  is  100  volts  when  one-half  of  the  total  load  is  banked  at 
either  end  of  the  road.  The  load  consists  of  four  50-ton  cars, 
which  require  an  average  current  of  2.5  amperes  per  ton,  the 
total  current  is  4X50X2.5  =  500  amperes;  so  a  load  of 
250  amperes  is  considered  as  being  banked  at  each  end  of  the 
road.  The  track  is  laid  with  90-potmd  rails.  The  two  con- 
ductor rails  are  discarded  70-poimd  track  rails  with  a  resistance 
ratio  of  12  to  1.  These  rails  are  normally  connected  in  parallel 
and  have  a  total  sectional  area  of  17,825,000  circular  mils  and 
in  case  of  trouble  may  be  divided  into  four  sections  by  the 
switches  c.  The  total  distance  that  the  two  conductor  rails 
may  be  extended  from  the  substation  and  still  keep  within  the 
allowed  drop  in  voltage  is  to  be  determined. 

30.  The  approximate  distance  /  that  the  conductor  rail  or 
rails  of  a  third-rail  road  may  be  extended  from  the  station  or 
substation  may  be  calculated  from  the  formula, 

190/ 
in  which,  a = total  sectional  area  of  conductor  rails  used  to 
supply  current  to  section  of  road  imder  con- 
sideration; 
w= allowable  drop  in  these  conductor  rails  and  track 

return,  in  volts; 
/= current  in  these  conductor  rails. 
Substituting  the  values  stated  in  the  problem, 

,     17,825,000X100     ^^  .^a  ^    ^     t  i      i 
/  =  — ! : =  37,526  feet=  7.1  miles. 

190X250 
The  conductor  rails  may  be  extended  to  a  distance  of  7.1  miles 
from  the  substation  in  either  direction,  without  the  drop 
exceeding  100  volts. 

31.  If  70-pound  conductor  rails  having  a  resistance  ratio  of 

8  to  1  were  substituted  for  the  discarded  track  rails  the  allow- 

ui    ^-^  i^u     I      ««         I     17,825,000X100     .^  ^^ 

able  distance  would  be,  /= -;  or  /= =48,836 

146/  146X250 

feet =9.25  miles. 
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32.  The  results  of  the  calculation  of  Art.  31  may  be  checked 
as  follows:  The  resistance  of  the  two  70-pound  conductor 
rails  in  parallel,  bonded  to  full  conductance,  and  having  a 
resistance  ratio  8  to  1  is,  by  Table  IV,  9.25 X. 0271266  ohm,  and 
the  drop  is  9.25  X  .0271256  X  250  =  62.73  volts.  The  resistance 
of  9.25  miles  of  foiu-  lines  of  90-poimd  track  rail  in  parallel, 
bonded  to  full  conductance,  is,  by  Table  III,  9.25 X. 015818  ohm 
and  the  drop  is  9.25 X. 015818X250 =36.58  volts.  The  total 
drop  is  62.73+36.58=99.31  volts.  This  checks  closely  with 
the  allowable  drop  of  100  volts. 


IMPORTANCE  OF  LOW- VOLTAGE  DROP 

33.  In  order  to  maintain  satisfactory  service  on  an  electric 
road,  it  is  important  that  the  voltage  at  any  portion  of  the  line 
be  approximately  the  value  for  which  the  car  motors  were 
designed.  Low  line  voltage  may  be  due  to  low  generator 
voltage,  or  to  excessive  drop  in  the  line  caused  by  overload, 
poor  condition  of  the  track  bonds,  or  small  feeders. 

Low  line  voltage  is  likely  to  result  in  damage  to  the  car 
apparatus  because  of  the  abuse  to  which  it  is  subjected  by  the 
motorman  in  an  endeavor  to  keep  the  car  on  schedule  time. 
With  low  voltage  the  speed  of  the  car  when  the  controller  is 
on  its  final  running  position  is  much  lower  than  normal  and 
motormen  are  apt  to  make  up  time  by  rapid  acceleration  with 
the  result  of  causing  burnt  controller  fingers,  motor  windings, 
and  commutators. 

Excessive  drop  also  means  a  large  amoimt  of  electric  energy 
lost  in  the  transmission  circuit.  The  relative  cost  of  generat- 
ing electric  energy  and  of  installing  increased  conductor  deter- 
mines whether  or  not  it  is  advisable  to  use  additional  feeders. 
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LINE  TESTS 


BOND  TESTS 

34.  Test  of  the  conductance  of  rail  joints  should  be  made 
at  intervals  to  detemune  their  electric  condition.  The  usual 
method  is  to  compare  the  resistance  of  a  length  of  3  feet  of  rail, 

including  the  bonded 


£ 


,d 


m.'titi' 
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Pic.  5 


joint,  with  the  resis- 
tance of  3  feet  of  solid 
rail.  The  resistance 
of  the  joint  is  ex- 
pressed as  equivalent 
to  the  resistance  of  a 
certain  number  of  feet  of  solid  rail  of  the  same  sizes  as  the 
jointed  rail.  The  bond  makers  assimxe  for  newly  made  joints 
a  rail  equivalent  as  low  as  2.5  feet  and  this  may  be  realized 
with  careful  installation.  The  advantage  of  bonds  with  low 
rail  equivalent  is  that  a  good  rail-return  path  is  assured  for 
possibly  several  years  without  further  attention. 

The   resistance  of  the   rail-return  portion  of   the  circuit, 
especially  on  double- 


n 


track  roads,  is  but  a 
small  part  of  the  total 
resistance  through 
feeders  and  rails; 
therefore,  the  joints 
may  tmif  ormly  deteri-  p= 
orate  somewhat  with- 
out materially  affect- 
ing the  drop,  in  volts,  of  the  transmission  circuit.  In  cases 
where  the  load  is  not  very  heavy  less  copper  can  be  used  for 
the  bonds,  resulting  in  a  higher  rail  equivalent;  but  care  should 
be  taken  that  the  joints  are  maintained  in  good  condition. 


Fig.  6 
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A  large  number  of  tests  of  joints  in  acttial  service  indicate 
that  the  rail  equivalent  of  the  bonded  joint  is  seldom  less 
than  6)  feet  and  that  an  average  value  is  about  12  feet. 

Among  the  methods  employed  to  test  bonds  are  those  employ- 
ing a  differential  voltmeter,  a  Wheatstone  bridge,  and  a  bond 
testing  car. 

35.  Differential  Voltmeter  Method. — Fig.  5  indicates 
the  connections  of  a  differential  voltmeter  a  when  used  to  test 
bonded  joints.  The  voltmeter  has  two  coils  and  is  provided 
with  three  terminal  leads  6,  c,  and  d.  Terminals  6  and  c  of  one 
coil  are  in  contact  with  the  rail  equal  distances  from  a  joint 
between  them  and  terminal  d  at  some  point  farther  along  the 
rail.  The  current  in  the  rail  causes  voltage  drops  between  the 
contacts,  and  these  voltages  establish  currents  in  the  two  coils. 
The  two  magnetic  fluxes  set  up  by  the  coils  are  in  opposition 
and  contact  d  is  moved  along  the  rail  until  the  needle  of  the 
instrument  rests  at  zero.  This  indicates  that  the  drop  in 
voltage  between  b  and  c  equals  that  between  b  and  d.  The 
resistance  of  the  length  of  rail  6  c  including  the  joint  is  then 
equal  to  the  resistance  of  the  length  of  solid  rail  bd.  The 
lengths  of  rails  between  terminals  are  read  from  the  scale  to 
which  the  rail  contact  points  are  attached. 

36.  Bridge  Method   Witli   an   Adjustable   Contact. 

Fig.  6  indicates  the  connections  of  a  millivoltmeter  when  used 
for  testing  a  bonded  joint.  The  millivoltmeter  a,  with  a  scale 
having  the  zero  point  at  the  center,  is  provided  with  three 
terminals,  two  of  which  6  and  c  axe  a,  fixed  distance  apart  and 
are  placed  equidistant  from  the  joint  between  them.  The 
other  terminal  d  is  moved  along  the  rail  imtil  a  balance  of  the 
bridge  resistance  is  indicated  by  the  instrument  needle  resting 
at  zero.  When  the  bridge  is  balanced,  the  number  of  feet  of 
rail  between  6  and  d  is  the  solid  rail  eqtdvalent  of  the  joint. 

37.  Bridge  Method  With  Fixed  Contacts.— In  Fig.'  7 
is  shown  a  bond-testing  outfit  operated  on  the  Wheatstone 
bridge  principle  with  three  fixed  contacts  a,  6,  and  c  that  make 
good  connections  with  the  rails  when  the  supporting  rod  is 
pressed  down  by  the  operator's  foot.    The  plate  p  is  placed 
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over  the  center  of  the  joint.  There  is  3  feet  of  solid  rail  between 
a  and  b  and  3  feet  of  rail  including  the  joint  between  b  and  c. 
The  bridge  is  balanced  by  adjusting  the  resistance  sections  d, 
Fig.  8,  by  means  of  switch  5  mounted  on  the  test  box  carried 
by  the  operator.  The  telephone  receiver  e  worn  over  the 
operator's  ear  and  connected  in  series  with  a  mechanical  circuit- 
interrupting  device  /  then  makes  minimimi  soimd  when  the 
interrupter  is  operated.    If  the  balanced  position  of  switch  s 


Fig.  7 

is  as  shown,  the  resistance  oi  gh  is  to  that  of  a  6  as  the  resis- 
tance of  /i  ^  is  to  that  of  b  c.  The  contact  points  of  switch  5 
are  ntmibered  to  give  the  resistance  of  the  bonded  joint  expressed 
in  terms  of  3-foot  rail  lengths.  If  the  balance  point  is  on  con- 
tact No.  1  the  resistance  of  the  section  of  rail  including  the 
joint  is  equal  to  3  feet  of  solid  rail;  a  balance  on  contact  No.  1.5 
means  that  the  resistance  of  the  joint  section  is  equal  to  3  X  1.5 
=  4.5  feet  of  solid  rail.  Joints  indicating  a  high  resistance  are 
usually  marked  for  repairs. 
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In  soi?ie  forms  of  bond  testers,  the  telephone  receiver  is 
replaced  by  a  galvanometer.  A  small  switch  button  on  the 
instrument  controlling  the  resistance  sections  is  turned  until 
the  galvanometer  needle  rests  at  zero.  The  rail  equivalent 
is  then  read  from  a  scale  at  the  point  at  which  a  needle  attached 
to  the  rotating  button  rests. 

38«  Autograpliic  Bond-Testing  Car. — Fig.  9  (a)  indi- 
cates the  more  important  connections  of  the  Herrick  bond- 
testing  apparatus  as  installed  on  a  test  car  for  the  purpose  of 
making  a  record,  on  a  moving  chart,  of  the  comparative  con- 
dition of  the  bonded  — ►       d    ► 

joints  as  the  car  passes 
over  the  track. 

In  order  to  assure 
suflBdent  current  in 
the  rail  for  readable 
deflections  on  the  in- 
struments, the  gener- 
ator of  a  motor  gen- 
erator set  a  is  con- 
nected through  a 
reverse  switch  and 
truck  wheels  to  the 
rails.  The  reverse 
switch  serves  to  make  the  direction  of  the  local  current  agree 
with  that  of  the  rail-return  current  from  other  cars  on  the 
section. 

The  drop  in  voltage  between  the  brush  terminals  h  and  c 
that  bear  on  the  rail  treads  is  measured  by  a  sensitive  millivolt- 
meter  d.  The  needle  and  scale  of  this  voltmeter  are  shown 
enlarged  just  above  d,  A  portion  of  the  needle  e  of  the  milli- 
voltmeter  d  is  of  metal  and  when  deflected  moves  over,  but 
without  touching,  a  metal  sector  /  and  several  metal  segments  g. 
Each  scale  segment  is  connected  to  a  corresponding  metal 
point  in  a  row  of  terminals  h  at  the  recording  device. 

A  paper  chart,  the  movement  of  which  is  caused  by  the  car 
mechanism,  passes  between  the  row  of  terminals  h  and  a  metal 


Fig.  8 
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roll  i  as  indicated  in  the  detail  sketch,  view  (6).  A  small  induc- 
tion coil  operated  by  a  battery  and  interrupter  has  one  secondary 
terminal  connected  to  sector  /,  view  (a),  and  the  other  ter- 
minal to  roll  i.  The  secondary  circuit  includes  spark  gaps 
between  /  and  e^  between  e  and  the  particular  segment  g  over 
which  the  needle  may  be  moving  at  any  instant;  and  between 
the  point  on  h  corresponding  to  the  active  segment  g  and  the 
roll  i.  When  the  interrupter  operates,  sparks  jump  through 
the  three  gaps  and  the  chart  will  be  perforated. 

The  position  of  the  hole  depends  on  the  deflection  of  the 
needle  e  which  in  turn  depends  on  the  drop  in  volts  between  b 
and  c.  Bonds  in  good  condition  are  indicated  by  holes  near 
the  margin  of  the  chart  and  faulty  bonds  by  holes  near  the 
middle  of  the  chart,  as  at  ;  and  k,  view  (6). 

The  apparatus  for  tests  on  one  rail  is  indicated;  there  is,  how- 
ever, duplicate  apparatus  that  makes  a  record  for  the  other 
rail.  The  faulty  bond  indicated  at ;  is  on  one  rail  of  the  track 
and  k  indicates  a  faulty  bond  on  the  other  rail. 

39.  If  the  bonded  joint  is  in  unusually  bad  condition,  the 
needle  e,  Fig.  9  (a),  swings  far  to  the  right,  making  a  spark  hole 
nearer  the  middle  of  the  chart  than  nonnal.  The  needle  /  of 
a  less  sensitive  millivoltmeter  m  which  is  connected  jQormally 
in  parallel  with  millivoltmeter  d  is  moved  sufficiently  to  cause 
a  star  wheel  to  dip  into  mercury  cups.  A  local-battery  circuit 
is  then  completed  including  relay  «.  This  relay  operates  a 
switch  that  cuts  out  of  the  circuit  millivoltmeter  d,  thus  pro- 
tecting it  from  overload  damage,  and  at  the  same  time  closing 
a  circuit  through  coil  o,  which  causes  a  pen  p  to  make  a  small 
mark,  like  ^  or  r,  view  (6),  on  the  margin  of  the  chart  at  the 
point  where  a  faulty  bond  is  also  indicated  by  the  spark  holes. 
As  soon  as  the  faulty  bond  is  passed  the  needle  /  drops  toward 
zero,  and  millivoltmeter  d  is  again  cut  into  circuit. 

A  pen  5,  view  (a),  near  the  middle  of  the  chart,  is  moved  by 
a  magnet  controlled  by  a  push  button  operated  by  the  tester 
so  as  to  make  a  mark  on  the  chart  as  the  line  poles  are  passed  by 
the  car.  At  the  same  time  the  number  of  the  pole  is  printed 
on  the  chart  by  means  of  a  ntunbering  stamp.    In  some  cases 
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a  small  quantity  of  blue  powder  is  automatically  squirted  on 
the  track  at  the  location  of  faulty  bonds.  After  a  test  run,  the 
chart  should  be  carefully  inspected  and  the  faulty  bonds 
repaired. 

Bond  tests  are  of  most  service  when  made  periodically  so 
that  successive  results  of  tests  can  be  compared  and  deteriora- 
tions noted. 

FEEDER  AND  TRACK -RETURN  TESTS 

40.  After  a  road  has  been  in  operation  for  a  considerable 
period,  the  drop  in  voltage  on  certain  sections  may  be  much 
greater  than  on  other  sections  operating  under  similar  con- 
ditions. Tests  may  be  made  to  determine  whether  the  fault 
is  in  the  feeder  or  the  track-return  portions  of  the  circuit. 

Fig.  10  indicates  the  connections  for  a  test  on  the  trans- 
mission circuit.    The  generator  at  the  station  is  shown  at  a; 


Fig.  10 

a  circuit-breaker  at  6;  a  feeder  to  the  section  imder  test  at  c; 
an  adjacent  feeder,  used  as  a  voltmeter  lead,  at  d,  this  feeder 
being  temporarily  groimded  at  its  station  end;  trolley  sections 
at  e  and  /;  a  section  insulator  at  g;  an  ammeter  at  fe;  a  water 
rheostat  at  t ;  a  voltmeter  at  /  in  position  for  measuring  the  drop 
in  voltage  of  the  track  return ;  and  the  same  voltmeter  at  k  con- 
nected for  measuring  the  drop  in  voltage  in  the  feeder. 

The  test  is  usually  made  at  night  when  all  car  load  can  be 
removed  from  the  section.  The  breaker  b  is  closed  and  the 
water  rheostat  is  adjusted  to  get  readable  deflections  of  the  volt- 
meter.   Care  should  be  taken  that  none  of  the  load  current 
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passes  through  any  part  of  the  conductors  used  as  extension 
leads  of  the  voltmeter,  as  d,  e,  and  /.  The  voltmeter  connec- 
tions to  the  rail  should  be  made  near  the  point  of  the  load- 
current  connection,  but  should  be  a  separate  contact.  The 
ammeter  indicates  the  total  current  in  the  circuit;  the  volt- 
meter 7  indicates  the  drop  in  voltage  in  the  track  return;  and 
the  voltmeter  reading  divided  by  the  ammeter  reading  is  equal 
to  the  resistance  of  the  rail-return  portion  of  the  circuit. 

To  determine  the  drop  in  voltage  in  the  feeder,  the  volt- 
meter k  should  be  connected  as  indicated  by  the  dotted  lines 
and  a  connection  made  between  the  left  ends  of  c  and  d,  the  sta- 
tion groimd  connection  of  d  being  removed.  This  voltmeter 
reading  divided  by  the  ammeter  reading  equals  the  resistance 
of  the  feeder  c. 

The  test  determines  the  resistance  of  the  two  portions  of  the 
transmission  circuit;  therefore,  the  portion  responsible  for  the 
excessive  drop  is  determined.  A  test  of  this  kind  on  the  track 
is  useful  in  determining  the  total  resistance  of  a  length  of  track 
including  rails  and  bonded  joints. 


GENERAJL  ENGINEERING  FEATURES 


KAIL  CALCUIiATIONS 

41.  Relation  of  Rail  Weight  to  Sectional  Area. — ^The 
relation  of  rail  weight  to  sectional  area  (see  Art.  10)  is  expressed 
by  the  formula, 

in  which      lVy=weight  of  rail,  in  poimds  per  yard; 
A  =  sectional  area,  in  square  inches. 

Example  1. — A  rail  weighs  95  pounds  per  yard;  what  is  its  sectiona] 
area,  in  square  inches? 

Solution. — Substituting  for  Wy  its  value  95  in  the  formula,  95  =  10i4, 
A  =95-^  10=9.5  sq.  in.    Ans. 

Example  2. — ^A  rail  has  a  sectional  area  of  8  square  inches;  what  is  its 
weight  per  yard? 
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Solution.— Substituting  for  A  its  value  8  in  the  formula,  IT^-IOXS 
«801b.  peryd.    Ans. 

42.  Weight  of  Balls  Per  Mile.— The  weight  of  rails  per 
mile  W^  of  single  track,  expressed  in  long  tons,  is  equal  to  the 
weight  per  yard  Wy  of  the  selected  rail  multiplied  by  -V^,  or 

W^^^f^Wy  (1) 

The  formula  for  double-track  construction  is, 

W^^^Wy  (2) 

Example. — ^A  single  track  is  laid  with  rails  weighing  100  pounds  per 
yard;  wW  is  the  weight  per  mile  of  track,  expressed  in  long  tons? 

Solution. — Substituting,  in  formula  l,  the  value  of  100  for  TFy, 
Pl^^.-V^XlOO- 157  tons.    Ans. 


CURVE  CALCULATIONS 

43«  Methods  of  Designating  Curvature. — ^The  method 
of  stating  the  curvature  of  simple  curves  on  interurban  tracks 
is  to  state  the  number  of  degrees  subtended  by  a  chord  100  feet 

in  length,  the  ends  of 
which  touch  the  cen- 
ter line  of  the  track. 
A  chord  of  a  circle  is 
any  straight  line  be- 
tween two  points  in 
the  circumference  of 
the  circle;  it  subtends 
the  angle  between 
radii  drawn  from  its 
ends.  Thus,  in  Fig.  11, 
a  b  is  a  chord  that  sub- 
tends the  angle  acb,  A  line  perpendicular  to  the  chord  at 
its  middle  point  and  ending  in  the  circumference  of  the  circle, 
as  d  e,  ic  the  middle  ordinate  of  the  chord. 

When  considering  track  curvature,  it  is  usual  to  refer  to  the 
center  curve  of  the  track,  which  is  equally  distant  from  either 
track  rail.    The  difference  in  curvature  between  the  center  curve 


Fig.  11 
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and  either  rail  curve  is  very  small  for  track  curves  having  a  long 
radius,  but  is  much  greater  for  track  curves  of  small  radius. 

For  dty  work,  it  is  customary  to  designate  the  track  curva- 
ture of  simple  curves  by  the  length,  in  feet,  of  the  track  radius 
of  the  arc  formed  by  the  center  line  of  the  track  at  the  curve. 
This  radius  is  indicated  by  c  e  in  Fig.  11. 

The  radius  of  the  inner-rail  curve  is  found  by  subtracting 
one-half  the  track-gauge  distance  plus  the  width  of  the  rail 
head  from  the  track- 
curve  radius;  and  the 
radius  of  the  outer- 
rail  curve  is  found  by 
adding  one-half  the 
track-gauge  distance 
to  the  track-curve 
radius.  The  track- 
curve  radius  equals 
the  radius  of  the 
outer-rail  curve  minus 
one-half  the  track 
gauge, 

44«  Assume  that 
the  outer-rail  curva- 
ture of  a  simple  rail- 
way curve  is  as  shown 
in  Fig.  12.  Stretch  a 
tape  line  from  a  point 
a,  touching  the  rail 
head  on  the  inner  side 
of  the  curve,  to  a 
point  b  touching  the  rail  head  at  another  point  and  note  the 
length,  in  feet,  of  chord  a  b.  With  the  tape  held  taut,  measure 
the  length,  in  feet  and  decimal  of  a  foot,  of  the  middle  ordinate 
d  e.  From  these  two  measurements  the  radius  of  curvature  c  e 
of  the  outer  rail  can  be  calculated,  using  the  formula 


Pig.  12 


f  =  - 
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in  which  r =radius  of  outer  rail,  in  f^t; 

a = middle  ordinate,  in  feet; 
fc=half  the  length  of  chord,  in  feet. 

Example. — On  a  simple  curve  for  city  work  a  20-foot  chord  is  laid  out 
on  the  outer  rail,  and  the  middle  ordinate  is  18  inches.  The  width  of  the 
rail  head  is  2.25  inches -=.19  foot,  and  the  track  gauge  is  4  feet  8 J  inches 
=  4.708  feet.  What  is  the  radius  of:  (a)  the  curvature  of  the  outer  rail? 
(b)  the  track  curvature?  (c)  the  curvature  of  the  inner  rail? 

Solution. — (a)  Substituting  the  value  of  a  =  18  in.  =  1.5  ft.,  and  6 = 10  ft. 

1.5*4-10* 
in  the  formula,  r  =  .  =  34.08  ft.    Ans. 

2X  1.5 

(b)  The  radius  of  the  track  curvature  is  34.08  — '—  =  31.73  ft.    Ans. 

(c)  The  radius  of  the  curvature  of  the  inner  rail  is 

/4.708         \ 
31.73-1--— +.19  I  =29.19  ft.    Ans. 


'-(^H' 


45.  Bending  Rail  to  a  Given  Radius. — Rail  bending  for 
short  curves  for  city  streets  is  usually  done  at  the  rolling  mill. 
Rail  benders  are  often  used  on  the  installation  work  for  bend- 
ing rail  for  longer  curves.  When  bending  a  rail  for  a  simple 
curve  of  any  given  radius  r,  the  middle  ordinate  of  any  arbi- 
trarily chosen  chord  on  the  selected  curve  shotild  be  known; 
then  the  curvature  of  the  rail  can  be  tested  during  the  process 
of  bending,  for  the  middle  ordinate  for  a  given  chord  is  the  same 
for  any  position  of  the  chord  on  a  simple  curve. 

If  the  radius  and  the  length  of  the  chord  are  known  the  mid- 
dle ordinate  can  be  calculated  by  the  formula 

in  which  the  letters  have  the  same  meaning  as  in  the  formula 
of  Art.  44. 

Example. — It  is  desired  to  predetermine  the  length  of  a  middle  ordinate 
of  a  20-foot  chord  used  to  check  a  simple  outer-rail  curve,  the  radius  of 
which  is  34.08  feet. 

Solution. — Substituting  the  values  of  r  and  b  in  the  formula, 

a  =  34.08  -  V34.08--10*  =  34.08  -  32.58  =  1 .5  f t.    Ans. 

46.  Construction  of  Simple  Curves. — Simple  curves 
can  be  laid  out  with  a  tape  line,  as  shown  in  Figs.  13  and  14. 
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A  line  ab  is  laid  out  perpendicular  to  rails  at  the  end  of  one 
section  of  the  tangent,  or  straight  portion  of  the  track,  and  a 
corresponding  perpendicular  line  cd  ai  the  end  of  the  other 
section  of  the  tangent  track.  A  steel  square  held  against  the 
rails  aids  in  laying  out  the  perpendicular  lines.  The  point  e 
at  which  the  lines  a  b  and  c  d  cross  is  the  center  of  the  rail  and 
track  curves.  The  line  a  e  is  the  radius  of  the  outer-rail  curve 
and  the  line  ef  the  radius  of  the  inner-rail  curve.  The  radius  a  e 
is  used  to  locate  points  on  the  curvature  for  the  outer  rail,  and 


..-/C-rrrrm*- 


Fig.  13 


Pig.  14 


these  are  marked  with  stakes.  Points  on  the  curvature  of  the 
inner  rail  are  also  located  in  a  similar  manner  by  using  the 
radius  e/. 

Templates  of  wood  may  be  prepared  to  which  the  rails  are 
bent  by  the  rail  bender,  or  a  rail  may  be  bent  a  little  at  a  time 
and  laid  on  the  ties  to  see  whether  its  curve  conforms  to  the 
location  stakes.  As  rail  ends  are  hard  to  bend  to  a  true  curve, 
sections  at  the  ends  of  the  bent  rails  are  sometimes  cut  out  and 
new  holes  drilled  for  the  rail  joints.  The  improvement  in 
curvature  often  warrants  the  extra  labor. 
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GRADE  CALCULATIONS 

47.  Per  Cent.  Grade. — ^The  per  cent,  of  a  grade  is  usually 
considered  in  railway  work  as  being  numerically  eqtial  to  the 
ntmxber  of  feet  that  a  car  is  raised  when  traveling  over  100  feet 
of  track;  thus,  if  a  car  is  raised  6  feet  in  passing  over  a  distance 
of  100  feet  of  track,  the  grade  is  6  per  cent.  In  general,  the 
per  cent,  grade  g  is 

rXlOO 

in  which  r  is  the  number  of  feet  the  car  is  raised  in  passing  over 
a  track  d  feet  in  length. 

Example. — On  a  certain  grade  a  car  is  raised  4.3  feet  in  traveling  over 
344  feet  of  track;  what  is  the  per  cent,  of  grade? 

S<H*unoN.— Substituting  the  values  of  r-4.3  and  d»344  in  the  for- 

4.3X100 

mula,  the  grade  is  g'^ — — — —  « 1.25  per  cent.    Ans. 

344 

48.  Grade  Rise. — If  the  per  cent,  of  grade  g  is  known, 
the  number  of  feet  r  that  a  car  is  raised  when  passing  over  a 
distance  d  can  be  calculated  by  the  formula 

100 
in  which  g  is  taken  as  a  whole  number. 

Example. — A  car  runs  over  344  feet  of  track  that  has  a  grade  of  1.25  per 
cent.;  through  what  distance  is  the  car  raised? 

Solution. — Substituting  the  values  of  ^«-1.25  and  {i»344  in  the  for- 

1.25X344    ^^.       • 
mula,  f" — — —  =  4.3  ft.    Ans. 


TRACK  TESTS 

49.  Curvature  Tests. — Fig.  15  indicates  the  straight- 
edge method  of  testing  a  simple  curve  for  acciu'acy  of  curva- 
ture. This  consists  in  holding  a  straightedge  a  6,  provided 
with  an  adjustable  perpendicular  projection  d  ^  at  its  middle 
point,  against  the  head  of  either  the  inside  or  the  outer  rail. 
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This  test  is  made  on  the  inside  of  the  rail  curve.     If  points  a, 
e,  and  b  touch  the  rail  head  simultaneously  when  the  straight- 
edge is  applied  to  one  part  of  the  curve,  they  should  touch  at 
all  parts  of  the  curve; 
if    they  do   not,  the 
curve    is    not    true. 
This  method  is  useful 
on  curves  sufficiently 
short  for  a  6-foot  to 
10-foot  straightedge  to 
show  a  middle  ordi- 
nate long  enough  for  differences  to  be  easily  noticed.    A  steel 
tape  and  rule  may  be  used  in  place  of  the  straightedge  for 
curves  of  longer  radius. 

60.  A  test  by  the  sighting  method  is  indicated  in  Fig.  16. 
It  may  be  used  where  the  radius  of  curvature  is  too  great  for 

even  a  tape  line  to  be 
used.  From  a  point  a 
at  a  joint  on  the  outer 
rail  sight  across  to  a 
point  b  on  the  same 
rail  that  is  so  located 
that  the  sighting  line  is  tangent  to  the  gauge  line  of  the 
inner  rail  at  some  point  d.  The  middle  ordinate  is  now  the 
track  gauge,  usually  4  feet  8J  inches.  The  number  of  rails 
between  a  and  b  should  be  coimted  and  this  number  should  be 
approximately  the  same  when  the  test  is  made  on  any  por- 
tion of  the  simple  curve.  *  . sl. 

61.  Grade  Test.— The 

per  cent,  grade  of  a  track 
may  be  tested  as  indicated 
in  Fig.  17.  A  level  a  is 
placed  on  a  long  straightedge  b  and  the  straightedge  adjusted 
so  as  to  be  level;  a  rule  or  tape  is  used  to  measure  the  distances 
cd  3.1  right  angles  to  b  and  the  track  distance  d  e.  The  per 
cent,  of  grade  can  then  be  calculated  as  explained  in  Art.  47, 
where  r  is  the  distance  c  d,  Fig.  17,  and  d  is  the  distance  d  e. 


Fic.  17 


Digiti 


ized  by  Google 


40  ELECTRIC-RAILWAY  CALCULATIONS        §  20 


ELECTROLYSIS 

52.  Elementary  Principles. — ^The  form  of  electroljrsis 
here  considered  relates  to  the  gradual  eating  away  of  metal 
objects  buried  in  the  ground,  such  as  gas  and  water  pipes, 

which  action  is  likely  to  oc- 
cur when  the  pipes  act  as 
conductors  for  portions  of 
the  return  current  of  a  rail- 
way system. 

If  two  iron  plates  A  and 
By  Fig.  18,  are  buried  in  the 
ground  and    so  comiected 
that  electricity  flows  from  A 
through  the  earth  to  B,  plate  A  will  be  eaten  away  or  pitted 
while  plate  B  will  not  be  damaged.    This  is  practically  the  same 
electro-chemical  effect  that  takes  place  in  electroplating,  where 
metal  is  taken  from  a  plate,  or  anode,  and  deposited  on  the 
article  to  be  plated.    The  point  to  notice  is  that  wherever  elec- 
tricity flows  from  a  metal  conductor  into  damp  earth,  the 
conductor  is  eaten  away,  provided  that  the  drop  in  voltage 
between  the  conductor  and  the  adjacent  earth  is  suflScient  to 
effect  the  chemical  decompositions;  but  where  electricity  flows 

Fig.  19 

from  the  earth  into  the  conductor,  the  latter  is  not  damaged. 
The  rate  at  which  the  metal  will  be  eaten  depends  on  the 
strength  of  the  current. 
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53.  Electrolysis  Due  to  Railway  Currents. — Fig.  19 
indicates  in  a  simple  manner  how  electrolysis  may  be  caused 
by  the  flow  of  stray  electricity  of  an  electric-railway  system. 
The  normal  path  of  the  current,  if  the  rail-return  section  is  in 
good  condition,  is  indicated  by  the  full-line  arrows.  In  case 
of  poor  bonding,  some  of  the  rettun  electricity  may  flow  from 
the  rail  to  an  adjacent  pipe  and  from  the  pipe  to  the  groimd 
near  the  station,  as  indicated  by  the  dotted  arrows.  The  pipe 
is  likely  to  be  damaged  at  the  point  near  the  station  where  the 
electricity  flows  from  the  pipe  to  the  earth. 

Fig.  20  indicates  a  modification  of  the  simple  case  shown  in 
Fig.  19.  The  stray  electricity  leaves  the  rail  a,  Fig.  20,  enters 
the  pipe  b,  and  flows  through  this  pipe  imtil  a  better  path  is 
found  in  the  lead  covering  of  the  cable  c.    Electricity  flows 


Fig.  20 

along  c  until  the  track  again  forms  a  better  path,  when  it  flows 
back  to  the  rail.  The  path  of  the  stray  electricity  is  indicated 
by  the  arrows.  Electrolytic  action  may  occur  at  the  points 
where  the  electricity  flows  from  the  rail,  the  pipe,  and  the 
cable. 

54.  Prevention  of  Electrolysis. — ^A  large  system  of 
piping  forms  a  conducting  network  of  very  low  resistance  in 
parallel  with  the  track,  hence  it  is  very  difficult  to  prevent 
part  of  the  current  from  leaving  the  track  and  entering  the  pipe. 
However,  if  proper  steps  are  taken,  the  bad  effects  of  electrolysis 
can  be  largely  avoided;  the  following  are  the  main  points  that 
experience  has  shown  should  be  observed: 

1.  The  trolley  wire  should  be  made  the  positive  side  of  the 
system. 
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2.  The  track  should  be  thoroughly  bonded  and  the  bonds 
maintained  in  good  condition. 

3.  Any  metallic  connections  that  may  exist  between  piping 
or  cable  systems  and  the  track  should  be  located  and  removed. 

4.  Rettim  feeders  should  be  run  out  from  the  station  and 
connected  to  those  pipes  that  carry  the  greater  part  of  the  cur- 
rent; thus,  the  current  in  the  pipes  will  be  drained  off  without 
passing  from  the  pipes  to  grotmd. 

5.  Where  service  pipes,  cables,  or  underground  conductors 
pass  under  tracks  or  through  other  regions  where  they  are 
exposed  to  electrolytic  action,  they  can  often  be  protected  by 
covering  them  with  glazed  tile  or  by  placing  them  in  a  trough 
filled  with  asphalt. 

6.  If  in  any  part  of  a  system  the  rail  return  carries  an  exces- 
sive current,  return  feeders  should  be  run  so  as  to  relieve 
the  rail  of  part  of  the  current  and  prevent  an  excessive  drop 
in  voltage  along  the  rail.  The  greater  the  drop  in  voltage  in  the 
rails,  the  greater  is  the  tendency  for  the  current  to  pass  off  to 
neighboring  pipes. 

The  remedy  given  imder  3  is  important.  Very  often  acci- 
dental connections  exist  between  the  rails  and  pipe  so  that  cur- 
rent can  pass  directly  to  the  piping  system.  This  is  specially 
the  case  where  pipes  run  across  iron  bridges  that  also  carry 
railway  tracks.  Before  attempting  to  drain  off  the  current 
from  a  piping  system,  all  metallic  connections  between  track 
and  pipe  must  be  removed.  Where  pipes  pass  across  iron 
bridges,  the  best  plan  is  to  insulate  the  pipe  from  the  bridge, 
or  if  this  is  impossible,  insulate  the  pipe  by  the  insertion  of 
insulating  joints  at  either  end  of  the  bridge. 

Remedy  4  is  very  commonly  practiced  and  gives  good  results 
if  properly  applied.  The  return  feeders  should  be  attached  to 
the  pipes  that  carry  the  most  current  and,  as  a  rule,  the  cur- 
rent so  returned  to  the  power  house  will  not  be  more  than  5  or 
6  per  cent,  of  the  total  current;  if  it  exceeds  this  amount  it 
is  probable  that  there  is  a  metallic  connection  somewhere 
between  the  track  and  pipes.  Pipes  crossing  tmder  street-car 
tracks  are  subject  to  electrolysis,  and  when  laid  or  repaired  are 
easily  covered  with  tile  or  run  in  a  box. 
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PRELIMINARY  CONSIDERATIONS 


OPERATING  REQUIREMENTS 

1.  The  motors  commonly  used  in  America  for  electric- 
railway  work  are  of  the  series-wound  type  because  of  .their 
strong  starting  torque.  The  larger  number  of  railway  motors 
are  intended  for  operation  with  direct  current,  but  by  a  modi- 
fication in  design,  series-wound  commutator  motors  are  adapted 
for  operation  with  either  direct  current  or  single-phase  alter- 
nating current.  A  car  eqtdpped  with  these  motors  and  with  the 
necessary  switching  apparattis  may  pass  directly  from  a  road 
operating  with  one  kind  of  current  to  a  road  operating  with  the 
other  kind. 

Railway  motors  must  withstand  harder  service,  both  mechani- 
cally and  electrically,  than  most  motors  in  stationary  appli- 
cations. Motors  for  electric  locomotives  are  sometimes 
mounted  within  the  cab,  but  for  electric  cars  are  generally 
placed  on  the  trucks,  where  they  are  exposed  to  dirt  and  damp- 
ness. Because  of  limited  space  allowance,  the  motor  must  be 
built  very  compactly  and  its  capacity  relative  to  its  size  is 
high.  The  frame  is  usually  of  cast  steel;  but  the  frame  halves 
of  some  motors  are  formed  of  steel  plates  pressed  into  the  desired 
shapes.  The  frame  must  protect  the  active  parts  from  water 
and  dirt  and  yet  allow  ventilation  of  armature  and  field  coils. 
The  heat  set  up  by  the  current  in  the  windings  may  be  removed 
from  the  motor  frame  by  proper  ventilation,  so  as  to  prevent 
rapid  deterioration  of  the  insulating  material. 
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GEAR  REDUCTION 

2.  The  armatures  of  large  motors  for  electric  locomotives  are 
in  some  cases  installed  directly  on  the  axles  of  the  trucks;  in 
other  cases  the  motors  are  mounted  in  the  cabs  and  connected  by 
driving  rods  and  connecting-rods  to  the  locomotive  drivers.  In 
such  cases  the  armatures  rotate  at  the  same  rate  as  the  drivers. 

The  railway  motor  of  moderate  size  is  usually  provided  with 
a  pinion  on  the  armature  shaft  that  engages  with  a  gear  mounted 
on  the  axle  of  the  car.  In  order  to  protect  the  pinion  and  gear 
from  dirt,  to  lessen  wear,  and  to  diminish  the  noise  of  operation, 
they  are  enclosed  in  a  gear-case  that  contains  a  quantity  of 
heavy  oil. 

The  armature  revolves  at  a  comparatively  high  speed  and  the 
car  axle  at  the  lower  speed  desired  for  the  service  in  which  the 
car  is  engaged.  The  reduction  in  speed  depends  on  the  relative 
number  of  teeth  in  the  pinion  and  gear;  the  less  the  number  in 
the  pinion,  as  compared  with  those  in  the  gear,  the  greater  will 
be  the  reduction  in  speed  of  the  car  axle  from  that  of  the  motor 
armature. 

3.  The  gear  ratio  of  an  equipment  will  here  be  understood 
as  the  ratio  of  the  number  of  teeth  in  the  gear  to  the  number 
in  the  pinion.  While  this  is  the  usual  way  of  expressing  gear 
ratio,  it  is  sometimes  given  as  the  ratio  of  the  number  of  teeth 
in  the  pinion  to  the  number  in  the  gear.  The  pinion  has,  in 
nearly  every  case,  fewer  teeth  than  the  gear,  so  that  there  is 
little  cause  for  confusion  no  matter  which  way  the  ratio  is  stated. 
If,  then,  a  motor  has  14  teeth  in  the  pinion  and  68  in  the  gear, 
the  gear  ratio  is  68  :  14  =  4.86  :  1  and  the  motor  armattire 
rotates  4.86  times  as  fast  as  the  axle. 

Table  I  gives  the  speed  of  car  axles,  in  revolutions  per  minute, 
for  different  car  speeds  and  diameters  of  wheels.  By  multi- 
plying the  revolutions  given  in  the  table  by  the  gear  ratio  in 
any  given  case,  the  speed  of  the  motor  armature  is  obtained. 

Example. — ^A  car  is  mounted  on  33-inch  wheels  and  runs  at  a  speed 
of  20  miles  an  hour;  how  many  revolutions  a  minute  do  the  motor  arma- 
tures make  if  there  are  65  teeth  in  each  axle  gear  and  15  in  each  pinion? 
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Solution.— The  speed  of  the  car  axle,  Table  I,  for  33-m.  wheels  and 
a  speed  of  20  mL  an  hr.,  is  203.7  rev.  a  min.  The  gear  has  %5  teeth  and 
the  pinion  15,  hence  the  gear  ratio  is  65  :  15.  The  speed  of  the  arma- 
ture is,  therefore,  203.7  xff =883  rev.  a  min.,  approximately.    Ans. 

TABLE  I 

REVOLUTIONS    OF   CAB    AXLE    CORBESPONDINO    TO 
VARIOUS    CAR    SPEEDS 


of  Car 

Speed 
ofCar 
Feet  per 
Minute 

Speed  of  Car  Axles  in  Revolutious  per 

Minute 

Maes 

^S 

31-Inch 
Wieels 

33-Inch 
Wheels 

33-Inch 
Wheels 

34-Inch 
Wheels 

as-Inch 
Wheels 

36-Inch 
Wheels 

6 

528 

67.2 

65.0 

63.0 

61.I 

59.3 

57.6 

56.1 

8 

704 

89.6 

86.7 

84.0 

81.5 

79.1 

76.8 

74.7 

10 

880 

1 12.0 

108.4 

105.0 

I0I.8 

98.9 

96.1 

93.4 

12 

1,056 

1344 

130.0 

126.0 

122.2 

1 18.6 

115.2 

II2.I 

14 

1,232 

156.9 

151.7 

147.0 

142.6 

138.4 

134.5 

130.7 

i6 

1,408 

179.2 

173.4 

168.0 

163.0 

158.2 

153.6 

149.4 

i8 

1,584 

201.7 

195. 1 

189.0 

183.4 

178.0 

172.9 

I68.I 

20 

1,760 

224.0 

216.8 

210.0 

203.7 

197.8 

192. 1 

186.8 

22 

1,936 

246.5 

238.4 

231.0 

224.1 

217.5 

2II.3 

205.5 

24 

2,112 

268.8 

260.0 

252.0 

244.4 

237.3 

230.4 

224.2 

26 

2,288 

291.3 

281.8 

273.0 

264.8 

257.1 

249.7 

242.9 

28 

2,464 

313.8 

303.4 

294.0 

285.2 

276.8 

268.9 

261.4 

30 

2,640 

336.1 

325.1 

315.0 

305.6 

296.6 

288.2 

280.2 

32 

2,816 

358.4 

346.8 

336.0 

326.0 

316.4 

307.4 

298.8 

34 

2,992 

380.9 

368.4 

357.0 

346.3 

336.2 

326.6 

317.6 

36 

3,168 

403.4 

390.2 

378.0 

366.7 

356*0 

345.8 

336.2 

38 

3,344 

425.8 

4II.8 

399.0 

387.1 

375.7 

365.0 

354.9 

40 

3,520 

448.0 

433.6 

420.0 

407.4 

395.6 

384.2 

373.6 

42 

3,696 

470.6 

455.2 

441.0 

427.8 

415.3 

403.5 

392.3 

44 

3,872 

493.0 

476.8 

462.0 

448.1 

435.1 

422.6 

41 1. 0 

46 

4,048 

515-4 

498.5 

483.0 

468.5 

454.8 

441.9 

429.7 

48 

4,224 

537-6 

520.0 

504.0 

488.8 

474.6 

461.I 

448.4 

.so 

4.400 

560.2 

541.8 

525.0 

509-2 

494.4 

480.3 

467.0 
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MOTOR  RATING 

4.  The  rating  of  a  railway  motor  is  commonly  based  on 
the  mechanical  output  that  the  motor  can  maintain  at  the  car 
axle  for  a  stated  time  without  causing  the  rise  in  temperature 
in  any  part  of  the  motor  to  exceed  certain  limits.  Another 
rating  is  the  continuous  current  input  at  a  stated  voltage  that 
a  motor  can  take  from  the  circuit  without  exceeding  certain 
temperature  limitations. 

Because  of  the  variable  conditions  under  which  railway 
motors  operate,  no  brief  and  definite  rating  that  applies  to  all 
cases  can  be  assigned  to  these  motors.  The  American  Institute 
of  Electrical  Engineers  has  adopted  rules  for  tests  to  determine 
thfe  rating  of  railway  motors,  which  to  a  considerable  extent 
have  also  been  adopted  by  the  manufacturing  companies. 
These  rules  are  modified  from  time  to  time  and  persons  interested 
should  consult  the  latest  revision. 


DntECT-CURRENT  MOTORS 


DESCRIPTION  OF  MOTOR 

6.  Fig.  1  shows  a  direct-current  railway  motor  of  modem 
type.  The  motor  is  provided  with  commutating  poles  and 
arranged  for  forced-air  ventilation.  The  enclosed  frame  a  is 
of  cast  steel  in  one  part  and  known  as  the  box  type  to  distinguish 
it  from  the  frame  that  is  in  two  parts  and  known  as  the  split 
type.  The  screened  intake  for  the  air-cooling  system  is  shown 
at  6;  the  suspension  lugs,  which  serve  to  hold  the  motor  to  the 
truck,  at  c\  the  iron  gear-case,  which  is  bolted  to  the  motor 
frame  and  encloses  the  pinion  on  the  armature  shaft  and  the 
gear  on  the  axle  of  the  truck,  at  d\  the  cover  over  the  opening 
provided  for  the  inspection  of  the  brush  rigging  and  the  com- 
mutator, at  e\  the  pinion-end  bracket,  which  is  imbolted  when 
the  armattire  with  the  pinion  on  the  shaft  is  to  be  withdrawn 
from  the  frame,  at  /,  view  (a) ;  the  commutator-end  bracket, 
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at  g,  view  (6);  the  axle  bearings,  at  A,  and  the  armature  and 
field-coil  leads,  at  i. 

Q.  The  armature,  one  main  pole  piece  with  its  coil,  and  one 
commutating  pole  piece  with  its  coil,  are  shown  in  Fig.  2. 
The  annature  core  shown  has  29  slots  in  which  are  placed 


PlG.1 

29  groups  of  coils,  each  group  containing  4  coils,  making  the 
total  number  of  coils  116.  The  main  pole  pieces  are  laminated 
and  the  commutating  pole  pieces  are  of  drop-steel  forgings. 
All  of  the  pole  pieces  are  bolted  to  the  frame  of  the  motor.  The 
field  coils  are  wound  with  asbestos-insulated  copper  strap, 

266—15 
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impregnated  with  instdating  compotind,  and  their  surfaces  are 
protected  by  layers  of  japanned  webbing.  The  core  lamina- 
tions of  this  armature  are  assembled  and  keyed  directly  on  the 


Pig.  2 

shaft  on  which  the  commutator  spider  is  also  pressed.  Venti- 
lating holes  are  provided  lengthwise  through  the  core.  The 
commutator  has  115  bars,  to  which  are  connected  the  230  leads 
of  the  115  active  coils  of  the  armature,  1  coil  of  the  total  of 
116  coils  being  left  unconnected.    The  commutator  micas  are 


Pig.  3 


grooved,  or  undercut,  to  a  depth  of  A  "ich.  This  custom, 
which  aids  in  the  prevention  of  sparking,  is  quite  generally 
followed.    All  of  thQ  motor  bearings  are  oil-lubricated. 
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7.  A  centrifugal  fan  a,  Fig.  2,  at  the  pinion  end  of  the 
armature  core  revolves  with  the  armature  and  sets  up  a  circu- 
lation of  air  in  the  direction  indicated  in  Fig.  3.  The  fan  is 
located  at  the  end  of  the  armature  core  marked  a,  Fig.  3.  The 
air  enters  through  the  screened  opening  6,  Fig.  1  (a),  passes 
over  the  field  coils  and  the  outside  surface  of  the  armature, 
Fig.  3,  then  through  the  commutator  and  lengthwise  holes  in 
the  armature  core  out  through  the  centrifugal  fan  and  openings 
in  the  pinion-end  bracket  of  the  frame.  A  constant  stream  of 
cool  air  thus  enters  the  frame,  circulates  around  the  heated 
parts,  and  absorbs  and  carries  away  heat.  The  motor,  there- 
fore, runs  cooler  for  a  given  load  than  it  would  if  the  fan  were 
omitted.  

FEATURES  OF  CONSTRUCTION 

8.  The  construction  of  the  modem  railway  motor  is  the 
result  of  many  years  of  experience  of  designers  and  operators 
of  this  type  of  apparatus.     Some  of  the  details  of  construction 
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have  been  developed  especially  to  meet  the  difficult  require- 
ments of  railway  service,  while  others  apply  to  motors  intended 
for  either  railway  or  stationary  service.     Some  of  the  more 
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important  of  these  features  are  here  treated,  but  they  do  not 
necessarily  belong  to  the  same  type  of  motor  or  to  the  motors 
made  by  one  company. 

9.  Commutating  Poles. — ^The  relative  positions  of  the 
main  pole  pieces  and  the  commutating  pole  pieces  are  indicated 
in  Fig.  4.  There  is  usually  the  same  number  of  main  pole  pieces 
as  commutating  pole  pieces  and  each  of  the  latter  is  located 
midway  between  a  pair  of  the  former.  The  object  of  the  com- 
mutating poles  is  to  improve  commutation  for  either  direction 
of  rotation  of  the  armattu-e;  the  theory  of  this  action  has  been 
explained  in  a  previous  Section. 

Many  of  the  electric  troubles  of  car  motors  are  due  to  spark- 
ing between  the  brushes  and  the  commutator.    The  motor 


load  is  variable  and  this  causes  variations  in  the  armature 
reaction.  Unless  the  effects  of  these  variations  are  neutralized 
by  the  flux  of  the  commutating  poles,  the  positions  of  the  neutral 
spaces  will  be  changed,  thus  tending  to  produce  sparking.  The 
motor  in  most  car  applications  must  revolve  in  either  direction; 
therefore,  the  brushes  are  usually  set  at  the  no-load  neutral 
point.  The  application  of  commutating  poles  to  railway  motors 
thus  causes  good  commutation  imder  all  ordinary  load  condi- 
tions and  with  fixed  positions  of  the  brushes. 

10.  Armature  Spider. — In  some  railway  motors,  the 
armature-core  punchings  are  assembled  on  a  spider  that  also 
serves  to  support  the  commutator.  The  armature  shaft  is 
forced  into  the  spider  under  heavy  pressure.  With  this  con- 
struction, a  shaft  damaged  in  operation  can  be  pressed  out  and 
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repaired  or  a  new  one  substituted  without  disturbing  the 
armature  winding  and  connections.    Ventilating  space  can  also 


Pig.  6 

be  easily  provided  between  the  spider  ribs  on  which  the  core  is 
assembled. 

Fig.  5  indicates  one  form  of  armattu-e  spider.  The  core 
laminations  are  held  between  the  fixed  shotilder  on  the  spider 
and  the  removable  end  ring. 

11.  Armature  Colls. — ^Fig.  6  shows  a  group  of  three 
individual  coils  assembled  into  a  single  armored  cell.  Some 
coils  are  formed  with  roimd  wire  and  others  with  copper  strap. 
Cotton,  mica,  linen  tape,  and 

insulating  compound  are  used 
to  insulate  the  coils  from  one 
another  in  the  cells  and  the 
cells  from  the  stuf aces  of  the 
armature  slots.  The  coils  are 
so  placed  and  joined  together 
as  to  form  a  series-  or  wave- 
connected  winding.  This  ar- 
rangement requires  only  one 
positive  and  one  negative  set 
of  brushes,  which  may  be 
placed  at  points  on  the  com- 
mutator convenient  for  in- 
spection. 

12.  Commutator. — Fig. 
7  shows  one  form  of  commu- 
tator tised  on  railway  motors.    The  bars  are  made  of  hard-drawn 
copper  and  insulated  from  one  another  and  the  commutator 
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shell  by  mica  strips  and  cones.  The  shell  is  in  two  parts,  which 
are  forced  by  heavy  pressure  into  the  V-shaped  notches  in  the 

ends  of  the  commutator  bars, 
after  which  the  ring  nut  a  is  set 
up  tight  against  the  shell  and 
locked  by  small  screws,  one  of 
which  is  shown.  The  bars  are 
thus  firmly  clamped  together. 
In  this  case  the  shell  is  mounted 
on  a  spider  designed  for  forcing 
on  the  armature  shaft;  in  other 
cases,  the  commutator  shell  is 
pressed  on  an  extension  of  the 
armature  spider. 

13.   BrushHolders.— Fig.8 

shows  a  brush  holder  arranged 
for  two  carbon  brushes.  Each 
holder  is  supported  by  two 
steel  studs  cemented  into  porce- 
lain bushings.  The  studs  pass 
through  holes  in  the  motor  frame 
^^  ®  and  are  bolted  firmly  in  position. 

The  brushes  are  pressed  against  the  commutator  by  adjustable 
springs.  Flexible  copper  shunts  between  the  carbon  brushes  and 
the  holders  relieve  the  springs  from  carrying  large  currents. 

14.    Pinions. — ^Pinions  are  usually  mounted  on  a  tapered 
seat  formed  at  the  end  of  the  armature  shaft,  as  indicated  in 
Fig.  9.    With  this  construction, 
the  pinion  can  be  more  readily  re- 
moved than  when  mounted  on  a 
straight  seat,  as  in  early  practice. 

In  some  cases  the  pinion  nut. 
Fig.  9,  is  placed  in  a  coimterbore 
at  the  end  of  the  pinion,  in  order 
to  save  space  m  the  gear-case. 

A  method  of  locking  the  nut  is  also  indicated.  The  pinion  a, 
mounted  on  its  tapered  seat,  has  a  small  groove  b  cut  at  the 
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bottom  of  the  cotinterbore.  A  portion  of  the  steel  washer  c 
is  hammered  into  this  groove.  The  nut  d  is  run  on  and  screwed 
home  and  one  edge  of  the  washer  is  turned  up  against  the  nut 
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with  the  aid  of  a  thin  tool  that  will  lift  the  edge  of  the  washer 
as  indicated  at  e.  The  washer  prevents  the  nut  from  turning, 
the  pinion  prevents  the  washer  from  turning,  and  the  pinion 
key  prevents  the  pinion  from  turning  on  the  shaft. 

15.  Gears. — ^The  type  of  solid  axle  gears  shown  in  Fig.  10 
is  put  on  the  axle  tmder  heavy  pressure;  further  .protection 
against  slip  and  turning  on  the  axle  is  furnished  by  a  key.  The 
style  of  gears  shown  in  Fig.  11  are  made  in  two  parts  that  may 
be  clamped  together  around  a  shaft.  A  keyway  is  shown  at  k. 
The  life  of  gears  is  increased  by  special 
hardening  treatments  of  the  steel  and  by 
the  use  of  special  lubrication. 

16*    Lubrication    of   Bearings. 

Both  the  axle  and  the  armature  bearings 
of  the  earlier  motors  were  lubricated 
with  grease.  In  such  cases  the  bearing 
must  heat  and  melt  the  grease  before 

Pig   12 

lubrication    starts.     Oil   lubrication    of 

railway  motors  is  now,  however,  quite  generally  employed. 

Fig.  12  indicates  one  method  of  applying  oil  to  the  armature 

bearings.    Axle-bearing  lubrication  is  effected  in  practically 
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the  same  manner.  The  armature  shaft  a  is  exposed  directly 
to  the  oil-soaked  waste  stored  in  chamber  b.  The  oil  is  poured 
into  the  bearing  through  the  separate  chamber  c.  The  waste  in 
chamber  b  absorbs  the  oil  and  delivers  it  to  the  surface  of  the 
shaft.  After  the  oil  passes  through  the  bearing  it  is  collected 
in  a  drip  chamber  d  and,  after  filtration,  may  be  used  again. 

Oil  guards  mounted  on  the  armattu-e  shaft  close  to  the  bear- 
ings prevent  oil  from  reaching  the  commutator  or  the  arma- 
ture windings.  The  oil  from  the  guards  is  sometimes  deflected 
to  the  drip  chamber  or  thrown  to  the  street. 

In  some  motors,  the  bearing  sleeve  is  of  bronze  overlaid 
with  a  thin  stirface  of  Babbitt.  If  the  Babbitt  melts,  the  shaft 
will  be  supported  by  the  bronze  sleeve  and  the  armature  will 
thus  be  prevented  from  striking  the  pole  pieces. 


ALTERNATING-CURRENT  MOTORS 


DESCRIPTION  OF  MOTOR 

17.    Most  of  the  alternating-current  motors  used  in  Amer- 
ica are  of  the  series-wound  commutator  type  that  may  be  used 


Fig.  13 


with  either  direct  current  or  alternating  current.    Fig.  13  shows 
the  exterior  of  a  lOO-horsepower  motor  of  this  type  provided 
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with  a  box  frame  and  detachable  end  brackets  for  the  removal 
of  the  armature.  The  laminated  field  core  is  so  constructed 
as  to  fonn  four  projecting  pole  pieces,  on  which'  are  mounted 


Pig.  14 


the  four  main  field  coils,  each  consisting  of  a  few  turns  of  heavy 
copper  strap. 

A  coini>ensation  winding,  consisting  of  copper  bars  con- 
nected at  the  ends  by  copper  straps  so  as  to  form  a  continuous 


Pig.  16 


winding,  is  distributed  in  the  slots  in  the  pole  pieces,  as  shown 
in  Fig.  14,  in  order  to  obtain  a  distribution  of  magnetomotive 
force  similar  to  that  of  the  armature  conductors. 
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The  compensating  winding  of  a  motor  intended  for  either 
direct-  or  alternating-current  circiiits  is  connected  in  series 
with  the  armature  and  the  main-field  wUiding.  In  a  motor 
used  exclusively  on  alternating-current  circuits,  the  compen- 
sating winding  is  short-circuited,  either  as  a  whole  or  by 
sections,  and  is  separate  from  the  armature  circuit.  The  com- 
pensating winding  thus  becomes  the  secondary  of  a  trans- 
former of  which  the  armature  forms  the  primary. 

Fig.  15  shows  an  armature  used  with  this  type  of  motor. 
The  armature  is  parallel-wound  and  requires  four  sets  of  brushes. 
The  motors  are  usually  wotmd  for  250  volts  and  25  cycles. 


FEATURES  OF  OPERATION 

18.  Reversal  of  Current. — ^When  an  alternating  current 
is  established  in  the  field  and  armature  windings  of  a  series 
motor,  the  current  reverses  through  each  winding  at  the  same 
time.  The  polarities  of  the  pole  pieces  and  of  the  poles  formed 
on  the  armature  core,  therefore,  reverse  at  practically  the  same 


Pic.  16 


instant  and  continuous  rotation  in  a  given  direction  is  thus 
maintained.  In  Fig.  16,  curve  abc  represents  one  cyde  of  an 
alternating  current.  In  the  portion  a  6,  the  direction  of  cur- 
rent is  assumed  to  be  from  motor  lead  d  to  lead  e,  resulting 
in  the  polarity  and  rotation  shown.  At  b  the  direction  of  cur- 
rent is  reversed.    Lead  e'  is  now  positive  and  lead  d'  negative; 
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the  polarities  of  field  poles  and  armattire  poles  are  thus  reversed, 
but  the  direction  of  rotation  remains  unchanged,  as  indicated. 

19.  Self-induction  of  Windings. — ^When  operating  with 
alternating  .current  an  electromotive  force  of  self-induction  is 
set  up  in  the  windings.  In  the  case  of  the  main-field  windings, 
this  electromotive  force  is  reduced  to  its  lowest  value  by  decreas- 
ing the  turns  of  the  exciting  field  coils  to  the  least  number 
capable  of  providing  the  necessary  magnetic  flux.  The  less 
the  number  of  turns  that  are  acted  on  by  the  passage  of  the 
alternating  magnetic  flux  through  them,  the  smaller  becomes 
the  electromotive  force  of  self-induction. 

The  mutual  induction  between  the  conductors  of  the  com- 
pensating winding  and  the  adjacent  conductors  of  the  arma- 
ttu-e  windings  greatly  reduces  the  effect  of  self-induction  in  both 
windings.  The  compensating  action  is  similar,  whether  the 
compensating  coils  are  in  series  with  the  armature  and  main 
field  coils  or  whether  they  form  a  separate  circuit  or  circuits 
excited  by  the  transformer  action  of  the  armature  coils. 

Besides  improving  the  power  factor  of  the  motor,  the  current 
in  the  compensating  winding  so  neutralizes  the  armature 
reaction  that  proper  commutating  conditions  may  be  secured 
with  fewer  turns  on  the  field  winding,  and  thus  a  weaker  field 
than  would  otherwise  be  possible. 

20*    Effect  of  Transformer  Action  on  the  Armature* 

When  the  armature  is  rotating  in  the  magnetic  field  estab- 
lished by  alternating  current  in  the  main  field  coils,  a  counter 
electromotive  force  is  generated  in  the  armattu-e  coils  in  the 
same  manner  as  in  a  direct-current  armature.  There  is  also 
set  up  in  the  armature  coils  an  electromotive  force  due  to  the 
^temating  magnetic  flux  passing  through  the  pole  pieces  and 
armature.  The  latter  action  is  practically  similar  to  that  of  a 
transformer.  The  first,  or  mechanically  generated,  electro- 
motive force  is  proportional  to  the  speed;  the  second,  or  elec- 
trically generated,  electromotive  force  is  proportional  to  the 
frequency  of  the  alternating  current.  The  first  electromotive 
force  is  the  useful  one,  as  it  is  the  counter  electromotive  force 
of  the  motor. 
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In  half  of  the  coils  between  any  two  adjacent  brushes,  the 
electromotive  force  generated  by  transformer  action  is  oppo- 
site in  direction  to  the  electromotive  force  generated  by  trans- 
former action  in  the  remaining  coils  of  the  group,  for  one-half 
of  the  coils  are  affected  by  the  flux  emanating  from  a  north 
pole,  while  the  other  coils  are  simultaneously  affected  by  the 
flux  entering  a  south  pole.  The  effects  of  transformer  action 
are  thus  practically  neutralized  and  the  counter  electromotive 
force  *is  affected  but  little,  if  any,  by  the  transformer  action, 
provided  the  brushes  are  properly  placed. 

21  •  When  an  armature  coil  is  short-circuited  by  a  brush 
during  commutation,  it  forms  a  closed  secondary  circuit,  the 
primary  of  which  is  the  adjacent  main  field  coil.  The  ohmic 
resistance  of  the  coil  itself  is  low,  and  to  prevent  the  estab- 
lishment'of  a  large  current,  the  armattu-e  coils  have  but  one 
turn  each,  which  limits  the  electromotive  force  generated  in 
the  closed  coils,  the  frequency  of  the  system  is  low,  and  the 
leads  connecting  the  jimction  of  adjacent  coils  to  the  com- 
mutator bars  in  some  motors  have  sufficient  resistance  to  limit 
the  current  to  a  safe  value.  The  leads  are  active  only  when 
the  coils  to  which  they  are  connected  are  being  commutated. 

In  railway  motors  of  ordinary  size,  the  resistance  leads  are 
usually  tapped  to  the  armatiu-e  winding  at  the  rear  end  of  the 
core  and  brought  to  the  commutator  bars  through  the  same 
slots  as  the  main  winding.  In  some  very  large  motors,  the 
leads  are  tapped  to  the  armature  winding  at  the  front  end  of 
the  core,  carried  to  the  rear  end,  doubled  back  to  the  front, 
and  then  connected  to  the  commutator. 
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MOTOR  CHARACTERISTICS 

22.  When  the  suitability  of  a  motor  for  a  given  class  of 
service  is  to  be  determined,  information  regarding  its  per- 
formance is  a  necessary  factor.  These  data  are  obtained  from 
tests  made  by  the  manufacturers,  and  are  usually  presented 
in  the  form  of  curves,  known  as  motor  characteristics,  or 
performaiice  curves.  These  curves  commonly  show  the 
relation  between  values  of  the  current,  speed,  tractive  effort, 
horsepower,  and  efficiency.  As  the  heat  of  the  windings  limits 
the  output  of  a  motor,  and  this  heat  is  due  to  the  current,  the 
other  properties  considered  are  usually  referred  to  the  values  of 
currtent  taken  by  the  motor  tmder  various  operating  conditions. 
In  the  curves,  the  current  values  are  usually  laid  out  on  the 
axis  of  abscissas  and  the  other  values  on  the  axis  of  ordinates. 

The  performance  curves  shown  in  Fig.  17  relate  to  data  for 
a  100-horsepower  single-phase  motor  when  operating  with 
direct  current  and  a  terminal  voltage  of  150.  For  low  speeds 
the  motors  operate  four  in  series  across  a  600-volt  circuit.  The 
curves  are  drawn  for  a  gear  ratio  of  63  to  20  and  for  36-inch 
driving  wheels. . 

23«  Speed. — ^If  the  voltage  is  constant,  only  one  armature 
speed  corresponds  to  each  value  of  motor  current.  For  exam- 
ple, the  car  speed.  Fig.  17,  for  a  current  of  400  amperes  is 
13  miles  an  hour.  As  the  motor  is  series-wotmd,  the  armature 
speed  decreases  as  the  load  increases,  the  car  speed  correspond- 
ing to  a  current  of  600  amperes  being  10  miles  an  hour. 

An  increase  in  line  voltage  increases  the  car  speed  in  almost 
direct  proportion,  especially  for  lower  and  moderate  speeds. 
If  the  speed  of  a  car  is  11  miles  an  hour  at  500  volts,  the 
car  speed  at  600  volts  is  11  Xf  =  13.2  miles  an  hour,  approxi- 
mately. At  higher  speeds  accurate  results  are  not  obtained 
with  this  proportion  because  of  the  greatly  increased  effect  of 
air  resistance. 
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24.  Tractive  Effort. — ^The  armature  conductors  are 
moved  by  the  interaction  of  the  current  in  them  with  the  flux 
of  the  pole  pieces.    The  force  applied  to  the  conductors  is 


O  20O  400  eOO  800 

Am,pert» 

Pig.  17 

transmitted  through  the  pinion  and  gear  to  the  car  axle  and 
thence  to  the  car  wheels  fixed  to  the  axle. 

The  force  exerted  at  the  tread  of  both  of  the  wheels  on  the 
car  axle  is  known  as  the  tractive  effort  of  the  motor  and  is 
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iisually  expressed  in  pounds.  Any  change  in  the  gear  ratio, 
wheel  diameter,  or  current  affects  the  value  of  the  tractive 
effort.  When  the  motor  is  taking  a  current  of  400  amperes, 
the  tractive  effort  is  1,850  pounds,  as  indicated  in  Fig.  17. 

25.  Horsepower. — ^The  nominal  rating  of  a  railway  motor 
is  considered  as  the  mechanical  output  at  the  car  axle.  The 
power  at  the  car  axle  is  less  than  that  at  the  armature  shaft 
due  to  losses  in  gears,  bearings,  etc. 

The  car  speed  in  feet  a  second  for  a  given  current  multiplied 
by  the  corresponding  tractive  effort  in  pounds  and  divided  by 
550,  the  number  of  foot-pounds  a  second  equivalent  to  1  horse- 
power, gives  a  point  on  the  horsepower  curve.  Fig.  17.  For 
example,  the  speed  at  400  amperes  is  13  miles  an  hour,  or 
13X5,280, 


60X60 


feet  a  second,  and  the  tractive  effort  is  1,850  pounds. 


^  .     13X5,280^1,850    ^a  ^    u 

The  power   is  X-^ — =64.1   horsepower,   approxi- 

"^  3,600         550  F-      »     HI' 

mately,  as  indicated  in  Fig.  17.  For  a  current  of  600  amperes, 
the  horsepower  is  91,  approximately. 

26.  Efficiency. — The  commercial  efficiency  is  the  ratio 
of  the  useful  output  to  the  total  input.  The  efficiency  of  the 
motor  when  provided  with  gears  is  indicated  in  Fig.  17.  For 
example,  at  400  amperes  input  the  efficiency  is  81  per  cent., 
approximately.  The  maximum  efficiency  is  82.5  per  cent,  at 
a  current  input  of  300  amperes. 

27.  Comparison  and   Modification   of  Values. — ^By 

selecting  a  point  on  one  curve,  corresponding  values  on  the  other 
curves  may  be  f otmd  by  determining  the  place  where  a  vertical 
line  through  the  selected  point  cuts  the  other  curves  and  then 
reading  the  values  of  these  points  by  means  of  the  data  lines 
on  the  margins. 

The  characteristics,  as  given,  usually  apply  to  one  motor, 
so  that  if  the  property  sought  involves  all  the  motors  on  a  car, 
the  data  obtained  from  the  characteristic  curve  mtist  be  modified 
accordingly.  For  example,  the  tractive  effort  available  for 
propelling  a  car  equipped  with  four  motors  would  be  the  tractive 
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effort  of  one  motor  multiplied  by  four.  Should  the  total  cur- 
rent required  to  propel  a  car  at  a  certain  speed  be  desired,  the 
total  tractive  effort  being  known,  the  tractive  effort  of  one 
motor  is  found  by  dividing  the  total  value  by  the  number  of 
motors  and  the  corresponding  current  of  one  motor  as  ascer- 
tained from  a  characteristic  curve  such  as  Fig.  17,  is  then 
multiplied  by  the  number  of  motors. 


MOTOR  INSTALLATION  AND 
MAINTENANCE 


INSTALLATION 

28.    Nose  Suspension. — The  term  motor  suspension 

appUes  to  the  manner  of  supporting  the  motor  on  the  car  axle 
and  truck.    Fig.  18  shows  an  arrangement  called  a  nose  sus- 


Fig.  18 

pension.  One  end  of  the  motor  is  supported  by  bearings  on 
the  car  axle  and  the  other  end  on  a  suspension  bar  connected 
across  the  frame  of  the  truck.  The  pinion  P  engages  the 
gear  G  on  the  car  axle  on  which  the  driving  wheels  W  are  also 
moimted. 
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Fig.  19  shows  in  more  detail  a  type  of  nose  suspension  qtiite 
generally  adopted  as  standard  on  account  of  its  simplicity. 
A  link  a  connects  the  motor  to  the  suspension  bar  b  and  springs  c 
and  </  cushion  the  motor  impact  in  either  direction  on  an  angle 
iron  d  riveted  to  the  truck,  thereby  relieving  the  truck  of  direct 
shock. 

29.  The  motor  should  be  so  installed  on  the  axle  that 
when  the  car  is  on  a  straight  track,  the  motor  rests  neutrally 
in  the  axle  space  between  the  gear  on  one  side  and  the  axle  col- 
lar on  the  other.  The  use  of  a  crowbar  to  make  parts  fit,  on 
either  the  motor  or  any  portion  of  the  suspension,  should  never 
be  permitted,  as  such  a  course  causes  excessive  wear  of  axle- 
bearing  flanges.    All  suspension  parts  must  be  kept  tight; 


Fig.  19 

otherwise,  failure  of  the  rigging  may  let  the  motor  down  when 
the  car  is  in  operation.  When  running  over  rough  track,  the 
motor  jtimps  up  and  down,  bringing  both  springs  into  action. 
In  starting,  where  the  motors  are  htmg  front  to  front  or  back 
to  back,  the  top  suspension  spring  of  one  motor  and  the  bottom 
spring  of  the  other  are  compressed.  This  continual  jarring 
and  movement  tends  to  loosen  suspension  parts,  which  soon 
produce  a  ringing,  rattling  noise.  The  suspension  springs  should 
be  neither  too  weak  nor  too  strong;  if  too  strong  they  will  lack 
flexibiUty,  and  if  too  weak  they  will  close  every  time  the  car  gets 
a  jolt;  in  either  case  the  motor  is  subjected  to  vibration  liable  to 
jounce  the  brushes  from  the  commutator  and  cause  flash-overs. 

30.    Location  of  Motor. — On  either  a  two-motor,  two- 
axle,  or  a  fo\ir-motor,  four-axle  car,  a  motor  is  geared  to  each 
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axle  and  the  motors  should  usually  be  hung  between  the  axles 
of  each  truck.  The  motors  are  then  near  the  truck  centers 
and  have  little  motion  relative  to  the  car  body.  Short  leads 
may  therefore  be  used,  with  little  chance  of  grounding  them. 
The  stresses  on  truck  parts  are  also  less  than  when  the  motors 
are  htmg  outside  the  axles,  because  there  is  less  leverage. 

When  starting  a  car  or  when  the  motors  are  t^sed  to  stop  it, 
the  pinions  tend  to  crawl  aroimd  their  respective  gears  in  oppo- 
site directions  and  the  resulting  stresses  are  greater  with  the 
motors  outside  of  the  axles  than  when  they  are  htmg  between 
them. 

When  two  motors  are  to  be  hung  on  an  eight-wheel  car,  most 
master  mechanics  prefer  to  put  both  motors  on  the  same  truck, 
because  then  but  one  heavy  truck  is  required  and  the  first  cost 
of  trucks  and  the  dead-weight  to  be  hauled,  are  minimized. 
Fiuthermore,  the  brake  rigging  is  simplified,  car-floor  trap 
doors  are  needed  at  but  one  end,  and  car  wiring  is  made  cheaper 
and  simpler.  Finally,  where  pit  room  is  limited  or  pits  are 
short,  both  motors  may  be  reached  while  only  one  end  of  the 
car  is  over  the  pit. 

MAINTENANCE 

31.  On  most  well-ordered  roads,  two  kinds  of  car  inspec- 
tion are  practiced:  quick  inspection,  which  is  made  every  day 
or  night  or  on  alternate  days  or  nights;  and  overhauling  inspec- 
tion,  which  is  the  thorough  inspection  attending  overhaulings 
made  at  intervals,  based  usually  on  car  mileage. 


QUICK    INSPECTION 

32.  Quick  inspection  is  limited  to  weaknesses  that  may 
be  observed  without  disassembly  of  parts.  It  includes  inspec- 
tion of  air-gap  clearances  on  motors  having  bearings  of  the 
grease-fed  type,  and  inspection  of  cotter  pins  and  nuts  on 
important  parts  such  as  suspension  rigging,  brake  rigging, 
motor  frames,  and  gear-cases.  As  failure  of  a  suspension  or 
brake  rigging  is  apt  to  be  a  very  serious  matter,  these  parts 
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should  be  inspected  as  often  as  practicable.  On  high-speed 
cars,  wheels  should  be  inspected  for  cracks  and  chipped  flanges 
at  least  once  a  day.  The  general  adoption  of  steel  instead  of 
cast  iron  for  car  wheels  has  greatly  decreased  the  trouble  from 
broken  wheels,  and  only  the  hammer  test  for  cracks  is  required. 
The  motor  leads  should  be  gone  over,  to  eliminate  contacts 
with  the  motor  frame,  suspension  rigging,  or  other  metal  parts, 
and  to  detect  loose  connections  or  actual  open  circtdts.  The 
blowing  of  a  drctdt-breaker  will  of  course  give  notice  of  an 
actual  ground;  but  the  object  of  the  quick  inspection  is  to  find 
the  abraded  motor  lead  before  it  actually  gives  trouble. 

An  open  circuit  in  a  motor  lead  of  a  two-motor  car,  becomes 
evident  from  the  slow  action  of  the  car  during  operation;  but 
ntmierous  cases  are  on  record  where  four-motor  cars  have  oper- 
ated for  weeks  on  three  motors,  because  a  lead  of  one  motor 
had  pulled  out  of  the  connecting  sleeve.  Cars  in  this  condition 
have  been  turned  in  repeatedly  for  slow  speed  attributed  to  the 
brakes  binding.  Good  contact  of  the  motor  groimd  wires 
should  be  insured  at  each  inspection.  Commutator  covers 
should  be  lifted  and  inspection  made  for  short  brushes,  tight 
brushes,  broken  brushes,  tension  fingers  resting  on  the  holder, 
instead  of  on  the  brush;  burnt,  broken,  or  weak  tension  springs, 
broken  brush  shunts,  loose  holders,  holders  resting  on  or  too 
far  from  commutator,  holders  rubbing  head  of  commutator, 
brushes  riding  over  end  of  commutator,  burnt  armature  head, 
burnt  or  loose  string  band,  accumulation  of  carbon  dust  on 
brush  holders,  or  on  string  band,  or  its  equivalent,  evidence 
of  oil  on  commutator,  rough  commutator,  black  commutator, 
and  red  commutator  indicating  poor  commutation  or  excessive 
heating.  These  simple  causes  of  prospective  trouble  make  a 
long  list;  but  the  eye  of  an  experienced  inspector  can  detect 
any  of  them  at  a  glance.  Any  unhealthy  motor  condition, 
as  a  rule,  is  evidenced  by  the  condition  of  the  brushes  and  of 
the  commutator;  if  the  cause  of  their  bad  appearance  is  not 
evident  and  easily  removed,  the  car  should  be  marked  to  be 
held  in.  On  motors  in  which  only  one  brush  per  holder  is 
used,  most  of  the  small  troubles  just  enumerated  are  sufficient 
to  cause  a  flash-over  and  the  operation  of  a  car  circuit-breaker. 
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But  on  motors  in  which  two  or  more  brushes  to  a  holder  are 
used,  the  only  evidence  of  irregularity  may  be  a  difference  in 
the  appearance  of  two  zones  of  the  commutator  becatise  one 
brush  carries  too  much  current  and  another  carries  little  or 
no  current. 

33.  On  motors  with  grease-lubricated  bearings,  quick  inspec- 
tion should  of  course  include  the  grease  boxes;  on  all  motors, 
the  inspector  should  see  that  no  grease-  or  oil-box  covers  are 
missing.  Any  acomiulation  of  mud  arotmd  the  grease  covers 
should  be  prevented  by  frequent  use  of  a  stiff  wire  brush, 
especially  on  armature  grease-box  covers.  As  the  passing  of 
the  hand  along  the  grids  of  a  grid  rheostat  will  readily  reveal 
any  broken  units,  this  tjuick  test  should  be  made;  broken 
grids  often  run  for  weeks  without  being  reported  and  they  may 
be  the  cause  of  blistered  controller  fingers,  sparking  brushes, 
or  both.  

OVEBHAULINO    INSPBCTTON 

34.  Frame. — ^At  the  time  of  overhauling,  the  motors  are 
entirely  disassembled  and  all  parts  laid  out  where  they  can  be 
inspected  thoroughly.  The  frame  is  scraped,  wiped  inside  and 
out,  and  carefvdly  inspected  for  cracks,  especially  around  the 
armature  and  axle  journals.  The  entire  inside  of  the  frame, 
except  the  pole-piece  seats,  is  painted  with  a  compotmd  whose 
glaze  prevents  the  adherence  of  moisture.  Formerly,  cracked 
frames  were  thrown  into  the  scrap;  but  by  the  use  of  any  one 
of  several  different  processes,  they  can  now  often  be  repaired. 

Missing  grease-box  lugs,  springs,  and  covers  are  replaced; 
hinges,  gaskets,  and  linings  of  inspection  covers  and  lids  are 
renewed;  all  bearing  chambers  are  thoroughly  flushed  with 
light  oil,  defective  motor-lead  bushings  are  replaced,  nuts  and 
bolts  are  put  into  working  order,  and  missing  cotter  pins  are 
replaced.  In  fact,  the  frame  is  put  as  nearly  as  possible  into 
its  original  condition.  The  pole  pieces  are  thoroughly  scraped 
to  give  perfect  seating,  and  the  tapped  holes  are  cleaned  with  oil. 

35.  Gear-Case  and  Gears. — Gear-cases  may  have 
cracked,  bent,  or  have  broken  lugs,  and  if  made  of  sheet  metal 
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the  cases  may  be  bent,  from  contact  with  raised  paving  stones 
or  other  obstructions.  Bent  cases  should  be  straightened  and 
broken  lugs  replaced.  Defective  felt  dust  guards  around  the 
axle  hole  should  be  repaired  or  replaced,  and  loose  rivets 
replaced,  or  tightened,  if  necessary,  care  being  taken  not  to 
bend  the  case.  A  new  gear-case  should  be  cleared  of  all  internal 
burrs  and  any  gear-case  should  be  cleaned  before  installation. 
No  dependence  is  to  be  placed  on  the  old  lubricant,  as  it  may 
contain  nuts  or  rivets  that  may  be  drawn  up  between  gear  and 
pinion  and  thtis  catise  bending  of  the  armature  shaft.  K  the 
gear  and  pinion  are  in  good  condition,  no  further  disturbance 
is  necessary  than  to  see  that  the  nuts  are  tight  and  well  secured. 
K,  on  account  of  broken  or  worn  teeth,  the  gear  must  be  replaced 
by  a  new  gear,  a  new  pinion  should  be  installed  and  the  replaced 
pinion  reserved  for  use  with  a  worn  gear;  the  use  of  a  worn 
pinion  with  a  new  gear  shortens  the  life  of  the  gear.  A  pinion 
that  is  to  be  used  again  should  never  be  removed  with  a  cold 
chisel,  becatise  the  resultant  flattening  of  the  ends  of  the  teeth 
is  liable  to  bend  the  next  armatiu-e  shaft  with  which  it  is  used. 
By  the  use  of  pinion  pullers,  which  are  usually  available,  a 
pinion  may  be  forced  from  the  shaft  without  injtiry. 

The  small  clearance  between  a  gear  and  its  case  should 
be  equally  distributed  on  both  sides  of  the  gear.  As  the  gear 
is  carried  on  the  axle  and  the  gear-case  on  the  motor  frame,  the 
end  play,  due  to  axle-collar  or  bearing-flange  wear,  unless  dis- 
covered and  repaired,  will  cause  the  gear  to  rub  and  wear 
through  the  case. 

When  tightening  a  split  gear,  the  bolts  nearest  the  axle 
should  be  tightened  first,  so  that  the  outside  bolts  may  act  as 
a  lock.  All  bolts  should  be  firmly  tightened.  In  order  that 
the  motors  may  properly  divide  the  load,  all  motors  on  the  same 
car  should  have  the  same  gear  ratios  and  the  gears  and  pinions 
should  be  properly  mated,  otherwise  the  wear  on  both  will  be 
excessive. 

36.  Pole  Pieces  and  Field  Colls. — ^Field  coils  should  be 
examined  for  mechanical  injuries  and  their  resistance  compared 
with  that  of  a  similar  new  coil  known  to  be  standard.    Results 
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will  be  misleading,  however,  unless  the  suspected  coils  are  sub- 
jected to  mechanical  presstu-e  similar  to  that  due  to  the  pole 
pieces  or  shields  by  which  they  are  secured  against  vibration 
in  the  motor.  The  fastening  devices,  as  well  as  the  heat  of 
the  motor  draw  the  turns  of  the  coil  together,  and  to  obtain 
reliable  results  from  resistance  tests,  these  conditions  must  be 
reproduced.  If  any  of  the  coils  are  abraded  or  are  oil-  or  water- 
soaked,  they  should  be  sent  to  the  coil  room  to  be  dried  and 
recovered  and  new  coils  substituted.  Before  the  old  coils  are 
replaced  in  the  motor,  they  should  be  given,  preferably  by 
dipping,  a  coat  of  insulating  paint  that  will  take  a  gloss,  the 
leads  should  be  trimmed,  tinned,  and  taped,  if  necessary,  and 
the  coils  then  set  aside  to  dry.  The  coil  insulation  shrinks  in 
service  and  some  form  of  washer  must  be  used  to  take  up  the 
clearance,  for  if  the  field  coils  are  allowed  to  shake  around  in 
their  fastenings,  groimds  or  loose-coimection  troubles  will 
result.  If  the  coils  are  a  loose  fit  on  the  pole  pieces,  they  should 
be  made  tight  by  winding  on  dipped  webbing;  they  should 
then  be  forced  on  the  pole  pieces  with  a  rawhide  mallet  and  a 
block  of  wood.  The  pole  piece  and  coil  are  then  placed  in  the 
motor  and  the  bolts  inserted  and  tightened,  the  rawhide  mallet 
being  used  to  tap  the  pole  piece.  One  of  the  bolts  is  then 
removed  and  the  clearance  between  the  pole  piece  and  its  seat 
is  tested  with  a  piece  of  steel  wire  bent  at  right  angles  on  the 
end  and  ground  thin.  If  the  knife  edge  cannot  be  forced  in 
between  the  pole  piece  and  its  seat,  a  good  seating  may  be 
assumed,  in  which  case  the  bolt  is  replaced  and  screwed  home; 
the  other  bolt  is  then  taken  out  and  the  test  is  repeated. 

37.  A  commutating  pole  piece  should  be  so  installed  that 
the  distances  from  the  straight  edges  of  the  pole  to  the  adjacent 
main  pole  pieces  throughout  their  lengths  should  not  vary  more 
than  ^  inch.  To  test  this  adjtistment  make  a  hard-wood 
block  of  the  proper  thickness  to  bear  against  a  main  pole  on 
one  side  and  a  commutating  pole  on  the  other. 

38.  The  correct  polarity  of  main  and  commutating  poles 
should  always  be  insured  by  test  before  reinstalling  the  arma- 
ture or  closing  the  motor  frame.    The  main  field  coils  alternate 
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in  polarity  and  so  also  do  the  commutating  field  coils.  For  a 
given  polarity  of  main  field  coils  and  brush  holders,  the  direction 
of  rotation  of  the  armature  is  best  fotmd  by  experiment. 

In  the  case  of  a  motor,  the  relative  polarity  of  main  and 
commutating  poles  is  such  that  in  the  direction  of  rotation, 
an  armature  conductor  must  pass  from  a  main  pole  of  given 
polarity  to  a  commutating  pole  of  the  same  polarity  and  on  to 
another  main  pole  of  opposite  polarity.    The  absolute  polarities 


Fig.  20 

of  main  and  commutating  poles  may  be  tested  with  a  com- 
pass, or  their  relative  polarities  with  an  iron  nail. .  If  a  nail  is 
loosely  held  between  two  poles  of  like  polarity,  it  will  turn  to  a 
position  at  right  angles  to  a  line  between  the  poles.  If  the 
adjacent  poles  are  of  opposite  polarity,  the  nail  will  then  turn 
to  a  position  parallel  to  the  same  line.  Whenever  the  main 
and  commutating  poles  are  of  the  wrong  polarity  with  regard 
to  each  other,  the  motor  will  spark  badly  and  the  commutating- 
coil  terminals  must  be  reversed. 
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39.  Armature. — Some  motors  are  provided  with  split 
frames,  whose  lower  portions,  with  or  without  the  armature, 
may  be  swung  down,  as  indicated  in  Fig.  20.  The  arrange- 
ment permits  an  inspection  of  the  interior  of  the  frame  without 
the  removal  of  the  motor  from  the  truck.  In  other  cases,  the 
lower  frame  is  entirely  tmbolted  from  the  upper  and  is  lowered 
into  the  car-bam  pit  by  means  of  a  portable  hydraulic  jack. 

If  the  motor  has  a  box  frame,  the  armature  is  removed  by 
imbolting  one  of  the  end  brackets  and  sliding  the  armature 
through  the  opening.  The  motor  is  taken  from  the  truck  and 
placed  on  a  stand  provided  with  a  sliding  carriage  a,  Fig.  21 ; 
the  armatvu-e  is  held  between  center  b  and  c.    The  loosened 


Fig.  21 

bracket  is  shown  at  d.    When  the  carriage  is  moved  to  the 
right  by  means  of  wheel  e  the  armat\u*e  is  exposed. 

40.  Accumulations  of  dust  should  be  blown  from  all  ven- 
tilating ducts,  preferably  with  compressed  air.  All  moisttire 
of  condensation  must  be  exhausted  from  the  air  hose  before 
applying  air  to  the  armature.  If  practicable,  the  cleaning 
should  be  done  under  a  hood  piped  to  the  atmosphere  and 
exhatisted  with  an  air  siphon,  so  that  the  dtist  ejected  will  not 
settle  on  everything  in  the  vicinity.  The  armature  should  be 
swung  in  a  lathe  and  tested  for  bent  shaft;  while  there,  the  com- 
mutator may  be  turned,  a  new  string  band  run  on,  and  a  new 
hood  installed,  if  these  repairs  are  required.  The  distance 
between  the  bearing  surfaces  must  be  gauged  as  a  check  against 
excessive  end  play,  which  should  not  exceed  ^  inch,  even  if  it 
is  necessary  to  put  on  new  thrust  collars. 
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Same  shops  straighten  bent  shafts,  but  as  a  rule,  it  is  much 
better  practice  to  press  in  new  shafts,  as  a  straightened  shaft 
tends  to  restmie  its  bent  condition,  and  this  condition  may 
cause  brush  troubles  and  flash-overs.  A  record  should  be  kept 
of  any  motor  whose  armature  shaft  has  been  straightened. 
When  a  shaft  is  renewed,  the  new  shaft  should  be  given  the  old 
one's  number  with  a  letter  affixed  and  the  old  shaft  should  be 
scrapped,  otherwise  confusion  in  records  will  arise. 

If  the  pinion  nut  thread  is  so  badly  damaged  that  it  cannot 
be  reclaimed,  the  shaft  may  be  spliced  with  a  piece  upon  which 
to  cut  a  new  thread,  but  the  better  way  for  all  except  small 
motors  in  very  light  service  is  to  renew  the  shaft.  The  same 
course  should  be  followed  where  it  is  necessary  to  cut  more  than 
two  pinion  keyways  on  account  of  the  keyways  having  become 
hammered  out. 

If  the  armature  connections  show  evidence  of  looseness, 
either  the  armature  core  or  the  commutator  may  be  loose; 
if  the  core  is  loose,  the 'chances  are  that  it  has  worn  its  fasten- 
ings so  that  it  should  be  reassembled.  If  the  commutator  is 
loose,  the  commutator  bolts  should  be  tightened  while  the  com- 
mutator is  hot,  after  which  the  commutator  should  be  turned. 
All  commutators  should  be  rounded  off  at  the  end  to  minimize 
breaking  out  of  the  mica.  After  ttutiing  or  grooving,  all  burrs 
reaching  across  the  mica  between  bars  must  be  picked  out. 
Grooving  is  generally  carried  to  a  depth  of  about  ^  inch; 
after  grooving,  the  edges  of  the  bars  must  be  smoothed  with  a 
scrapper  to  decrease  the  milling  action  on  the  brushes. 

A  better  scheme  than  the  common  practice  of  laying  extra 
armatures  down  on  a  rack,  is  to  stand  them  up  in  holes  bored 
for  the  purpose.  Less  floor  space  is  required  and  the  armatures 
ai"e  entirely  covered  with  less  trouble.  Canvas  bags  slipped  over 
them  form  a  simple  and  effective  protection.  If  oil  gets  on  the 
commutator  at  any  time,  it  should  be  thoroughly  washed  off 
and  out  of  the  grooves  with  gasoline.  The  flash-overs  and 
breaker  blowing  caused  by  oil  on  a  commutator  will  probably 
be  attributed  to  almost  everything  else  before  the  real  cause 
of  the  trouble  is  located.  Armatures  should  not  be  rolled  on 
the  floor,  where  they  may  come  in  contact  with  projecting  nail 
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heads,  but  should  be  rested  on  felt  or  similar  substance,  and 
should  be  carried  from  place  to  place,  not  rolled. 

41.  Brush  Holders. — ^The  type  of  brush  holder  that  is 
mounted  on  studs  fastened  to  the  motor  frame  is  free  from  many 
defects  that  characterized  the  old  wood-insulated  holders. 
Considerable  attention,  however,  is  required  by  the  inde- 
pendent holders,  to  avoid  wrong  adjustments  of  holders  and  of 
tension  springs,  loose  holders,  loose  brushes,  loose  leads,  broken 
shunts,  excessive  armatiu"e  end  play,  excessive  acomiulations 
of  copper  dust,  etc.  The  last-named  cause  of  trouble  is  mini- 
mized by  the  increased  length  of  the  leakage  path,  due  to  the 
corrugated  insulators.  Irrespective  of  the  type  of  holder  used, 
the  brushes  must  be  held  the  proper  distance  apart.  On  motors 
of  the  two-pole  type,  the  set  of  the  holders  should  be  such  that 
the  distance  from  the  center  of  contact  of  a  brush  to  the  center 
of  contact  of  a  brush  in  the  opposite  holder  is  one-half  the  cir- 
ctmiference  of  the  commutator;  on  a  fpur-pole  motor,  the  dis- 
tance from  center  to  center  of  brushes  should  be  one-foiuth 
the  circtimference  of  the  commutator;  and  on  a  six-pole  motor, 
one-sixth  the  commutator  drctmiference.  Instead  of  taking 
the  stated  fractions  of  the  commutator  circumference,  one- 
half,  one-fourth,  or  one-sixth  of  the  total  number  of  commu- 
tator bars  are  generally  considered  as  the  counts  between 
brushes,  and  the  bars  between  corresponding  brush  edges, 
forward  or  rear,  are  connected  instead  of  between  brush  cen- 
ters. A  four-pole  motor  with  a  215-bar  commutator,  for 
example,  should  have  215^4  =  53f  bars  between  the  forward 
edges  of  brushes  in  adjacent  holders.  With  the  correct  count 
between  adjacent  holders  assumed,  the  location  of  the  holders 
as  a  whole  should  be  such  that  the  armature  speed  is  the  same 
in  both  directions  for  a  given  load.  The  importance  of  having 
the  count  correct,  as  well  as  everything  else  pertaining  to 
brushes  and  holders,  cannot  be  emphasized  too  strongly. 
Most  motor  troubles  can  be  traced,  directly  or  indirectly,  to 
brush  or  brush-holder  irregularities. 

42.  Bearings. — ^Excessive  wear  or  eccentric  boring  of 
bearings  allows  the  armature  core  to  strike  the  pole  pieces; 
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if  not  repaired,  this  condition  will  soon  destroy  the  armature. 
One  of  the  first  symptoms  of  core  rubbing  is  the  repeated  blow- 
ing of  the  car  circuit-breaker,  due  to  the  increased  load  imposed 
by  the  mechanical  friction  between  the  core  and  poles;  the 
motor  will  heat,  will  use  oil  much  faster  than  other  similar 
motors,  and  will  show  a  decided  tendency  to  throw  oil. 

The  air  gap  of  a  newly  installed  armature  should  be  tested 
with  a  gauge  to  see  that  it  is  uniform  all  rotmd.  After  two 
months  of  operation,  wear  is  usually  noticeable  in  the  armature 
bearings,  and  they  are  usually  changed  at  the  time  of  over- 
hauling, whether  they  really  need  it  or  not.  In  course  of  time, 
also,  the  armature  shaft  wears  smaller  so  that  standard  bear- 
ings do  not  fit  perfectly.  In  some  shops  several  sizes  of  stand- 
ard bearings,  and  armature  shafts  turned  to  these  standard  sizes 
are  kept  in  stock,  a  shaft  worn  below  the  smallest  standard 
size  is  either  further  turned  and  the  bearing  surface  renewed 
with  a  sleeve  or  it  is  replaced  with  a  new  one.  Other  shops 
prefer  to  have  a  lathe  at  each  place  where  overhauling  is  done, 
so  that  bearings  kept  in  the  rough  may  be  bored  to  exact  size. 

43.  Lubrication. — Good  lubrication  is  absolutely  essen- 
tial to  successful  and  economical  operation,  and  oil  has  given 
better  results  at  lower  costs  than  did  grease  in  older  types  of 
motors.  In  well-managed  systems  a  careful  record  is  kept 
of  the  oil  consumed  by  each  car,  and  if  one  car  consumes  much 
more  oil  than  another,  an  investigation  is  made  and  the  cause 
located  and  removed.  The  oil  should  be  used  economically; 
the  usual  way  is  to  apply  with  a  measure  a  specified  quantity 
of  oil  to  each  bearing  for  a  specified  mileage.  With  careful 
lubrication,  ^  inch  of  good  Babbitt  will  last  3  months  or 
more;  but  the  bearings  are  usually  replaced  oftener. 

44.  Armature  and  axle  bearings  should  be  as  tight  as  pos- 
sible without  binding.  An  armature  can  usually  be  turned  by 
hand,  when  a  tendency  to  bind  can  be  easily  detected.  A 
positive  test  for  the  fit  of  the  axle-shaft  bearings  is  to  jack 
up  the  car  wheels  so  that  they  can  nm  freely,  also  the  motor 
so  as  to  remove  friction  from  the  car-journal  bearings,  and 
then  operate  the  motor  with  an  ammeter  in  series;  the  bearings 
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shotild  be  as  tight  as  may  be  without  increasing  the  current 
above  a  value  previously  established  by  experiment. 

On  many  roads  maintenance  of  axle  bearings  is  not  given 
sufficient  attention.  Under  ideal  conditions,  a  rolling  contact 
exists  between  pinion  and  gear  in  operation,  and  to  get  action 
of  this  sort  the  proper  distance  between  gear  and  pinion  cen- 
ters must  be  accurately  maintained.  Wear  in  the  axle  bearings 
changes  this  distance  and  gear  friction  increases  in  a  measure 
as  bearing  wear  increases.  One  of  the  symptoms  of  such  neglect 
is  that  pinion  and  gear-teeth  do  not  wear  evenly;  the  teeth  wear 
thinner  on  one  end  than  on  the  other. 

45.  Connections. — ^The  leads  should  be  brought  out  of  all 
motors  in  standard  order,  and  a  standard  order  of  connection 
to  the  car  cable  should  be  observed.  Much  time  can  thereby 
be  saved  in  overhauling  and  in  testing  incident  to  trouble 
work.  A  wireman  can  then  identify  a  positive  brush  or  field 
lead  at  a  glance,  and  no  time  will  be  lost  in  so  connecting  the 
motors  that  all  tend  to  move  their  cars  in  the  same  direction 
for  a  given  position  of  the  reverse  switches.  Another  advantage 
of  standard  connections  is  that  a  left-hand  armature,  as  arma- 
tiu^es  of  reversed  polarity  are  generally  called,  can  be  detected 
as  soon  as  it  is  installed  in  a  motor  because  it  will  turn  in  the 
wrong  direction. 

46.  Starting  Resistance. — Sparking  of  brushes  is  some- 
times due  to  the  starting  resistor  being  so  sectionalized  that 
current  is  applied  to  the  motors  in  too  great  impulses.  The 
resistor  may  have  been  wrongly  divided  in  the  first  place,  a 
part  of  it  may  have  become  short-circuited,  or  a  parallel  sec- 
tion of  it  may  have  become  open-circuited.  When  overhauling 
the  motors  the  starting  resistor  should  be  carefully  inspected 
for  loose,  burnt-out,  broken,  or  buckled  units  and  for  defective 
jumpers. 

47.  Circuit-Breakers. — Tests  should  also  be  made  of 
the  car  circuit-breakers  and  of  their  adjustment  to  blow  at  a 
value  consistent  with  the  motor  rating.  Reliable  circuit- 
breakers  will  save  time  and  expense  by  revealing  slight  troubles 
that  would  soon  become  serious,  if  neglected. 
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MOTOR-CIRCUIT  AND  AUXILIARY 
APPARATUS 


TRUNK  CONNECTIONS 


TRUNK    WIRE 

1.  Trunk  connections  relate  to  the  wires  and  devices 
traversed  by  the  motor  airrent  from  the  current  collector  of 
the  car  to  the  controller,  and  are  also  sometimes  considered  as 
including  the  groxmd  wires  of  the  motors. 

2.  The  truiik  wire  is  the  feed-wire  from  the  collector; 
a  portion  of  it  carries  the  total  current  required  for  propulsion, 
heating,  lighting,  and  signaling  purposes. 

Fig.  1  shows  the  general  arrangement  of  the  trunk  wire  for  a 
small  single-truck  car.  The  current  path  from  the  trolley 
wheel  to  the  controller  trolley  wire  T  T  is  indicated  by  the  order 
of  the  numbers.  The  roof  wires  are  protected  by  canvas  tacked 
to  the  roof.  Where  the  wire  passes  through  the  car  boimets, 
the  passage  is  made  water-tight  by  the  use  of  lead  or  of  special 
compounds  made  for  the  purpose.  The  vertical  wires,  or  riserSy 
pass  through  the  bulkheads  of  closed  cars  or  through  grooves  in 
the  comer  posts  of  open  cars.  The  risers  are  often  installed 
in  iron  conduits.  In  any  case,  the  wires  must  not  come  in  con- 
tact with  nails,  screws,  or  the  sliding  door.  When  the  conduits 
are  used  bell  mouths  are  employed  at  each  end  of  the  pipes  to 
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prevent  abrasion  of  the  wires  and  the  upper  end  of  the  conduits 
are  bent  over  and  filled  with  insulation  to  prevent  the  entrance 
of  water. 

3.  Fig.  2  shows  an  arrangement  of  the  trunk  wire  for  a  car 
that  operates  on  both  third-rail  and  single-overhead  trolley 
systems.  The  two  trolley  stands,  located  near  the  ends  of  the 
car,  may  or  may  not  be  coimected;  in  either  case  a  roof  wire 
runs  from  each  stand  to  one  side  of  a  single-pole,  double-throw 
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switch,  to  the  other  side  of  which  a  riser  from  the  third-rail 
trunk  wiring  connects.  The  change-over  switches  are  located 
in  the  vestibules  or  cabs. 

All  of  the  contact  shoes  are  connected  by  taps  to  a  spine  wire 
installed  on  the  imder  side  of  the  car  floor.  With  this  arrange- 
ment, the  third  rail  may  be  placed  on  either  side  of  the  car  and 
some  of  the  shoes  will  be  active. 

The  handle  posts  of  the  change-over  switches  are  connected 
through  circuit-breakers,  located  either  in  the  vestibule  or  imder 
the  car,  to  the  controller  posts  T,  A  circuit-breaker  or  enclosed 
fuse  is  sometimes  connected  to  the  spine  wire  at  the  point  where 
it  joins  to  the  riser.     In  other  cases,  a  shoe  fuse  is  installed  on 
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the  shoe  beam  above  each  contact  shoe.  By  means  of  the 
change-over  switch,  the  controller  is  connected  to  either  the 
trolley  stands  or  the 
contact  shoes  as  desired 
and  the  collecting  de- 
vice not  in  service  is 
entirely  cut  oflE  from  the 
live  circuit. 
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4.  Fig.  3  shows  the 
arrangement  of  the 
trunk  wire  on  a  car 
operated  on  a  conduit 
system.  Besides  the 
hood  switches  in  the  car 
bonnets  two  circuit-breakers,  called  ground  switches,  and  two 
fuses  (not  shown)  are  installed  imder  the  car. 

On  conduit  cars,  extra  facilities  must  be  provided  for  the 
interruption  of  the  motor  circuit,  because,  while  nominally 
operating  on  a  metallic-return  system,  one  side  of  the  circuit 
is  generally  groimded.  Circuit-breaking  devices  as  close  to  the 
conductor  rails  as  possible  are  installed  to  prevent  damage  to 

the  car  apparatus  by  accidental 


^Hooaswifefi'' 


"Utier 


fifser-^ 


SAoes    Breaken 


Contro/fer  lY/res 


gnnmds. 


5.  Where  motor  cars  are 
operated  in  trains  that  include 
intervening  trail  cars,  the  spine 
wires  of  the  trail  cars  are  joined 
with  those  of  the  motor  cars  by 
means  of  couplers;  otherwise, 
when  there  is  sleet  on  the  third  rail  or  on  the  trolley  and  differ- 
ent cars  alternate  in  getting  good  contact,  the  resultant  jerking 
will  be  liable  to  ptdl  the  train  in  two. 


Fig.  3 
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TROLLEY    FITTINOS 

6.  The  trolley  is  the  device  on  the  roof  of  the  car  for  collect- 
ing current  from  the  overhead  conductor,  called  the  trolley 
wire,  '  The  grooved  troUey  wheel  rolls  against  the  under  side  of 
the  wire  and  makes  electric  contact  with  it;  the  wheel  rotates 
on  an  axle  in  the  fork,  or  trolley  harp,  riveted  to  the  upper  end 
of  the  trolley  pole.  The  lower  end  of  the  pole  is  clamped  to 
the  upper  portion  of  the  trolley  stand. 

Short  cars  are  usually  equipped  with  only  one  trolley;  some 
long  cars  have  two  trolleys  either  of  which  can  be  used.     The 


Pig.  4 

wheel  follows  the  trolley  wire  better  when  trailing  over  the  rear 
end  of  the  long  car  than  when  the  trolley  is  placed  at  the  center 
of  the  car. 

7.  The  trolley  stand,  one  type  of  which  is  shown  in  Fig.  4, 
consists  of  two  parts,  or  members,  the  spring  base  carrying  the 
socket  clamp  a  for  the  trolley  pole  and  the  trolley  foot,  which  is 
bolted  to  the  car  roof.  The  base  is  pivoted  to  the  foot  and  can 
be  swung  around  on  a  roller  bearing  to  suit  either  direction  of 
car  movement.  The  socket  a  is  also  pivoted  at  6  and  has  an 
arm  c,  to  which  four  springs  are  connected.  The  other  ends  of 
these  springs  are  joined  to  an  arm  d,  which  is  part  of  a  slide  e. 
The  slide  is  mounted  on  a  projection  /  of  the  trolley  base,  and 
the  tension  of  the  springs,  which  force  the  trolley  wheel  against 
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the  wire,  may  be  adjusted  by  the  adjusting  screw  g  at  the  end 
of  the  slide.  The  car-roof  wire  is  connected  to  the  trolley  foot 
at  h.    On  some  stands  a  spring  cushion  stop  is  provided  near  the 
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Fig.  5 

lower  part  of  the  base  to  reduce  the  shock  to  the  base  and  car, 
in  case  the  trolley  wheel  leaves  the  wire. 

8.  The  trolley  pole.  Fig.  5,  is  usually  from  12  to  15  feet 
long,  is  about  IJ  inches  in  diameter  for  about  2  feet  from  the 
large  end  a,  and  then  tapers  through  part  6  to  a  diameter  of 
about  1  inch.  Most  poles  are  of  hard-drawn  steel  tubing  and 
offer  great  resistance  to  bending.  Slight  bends  are  generally 
straightened  by  using  a  post  with  a  hole  in  it  as  a  vise  and 
then  straightening  the  pole  by  hand  pressure.  Bad  bends  may 
be  straightened  by  ham- 
mering, but  in  any  case 
the  pole  should  not  be 
heated. 

9.  Trolloy  liarps, 

Fig.  6,  are  made  of  iron 
or  brass  and  are  shaped 
so  they  will  not  easily 
catch  on  the  overhead 
work  if  the  wheel  leaves 
the  wire.  One  end  of 
the  copper  spring  a  is 
attached  to  the  harp 
and  the  other  end  bears 
against  the  side  of  the 
wheel.  The  springs  relieve  the  bearings  by  conducting  a  por- 
tion of  the  current  from  the  wheel  to  the  harp. 

10.  Trolley  wheels »  one  of  which  is  shown  in  Fig.  7,  are 
made  with  great  care  to  get  the  proper  degree  of  hardness;  if 
too  soft  they  wear  away  too  rapidly,  and  if  too  hard  they  injure 
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the  trolley  wire.     Much  study  has  been  devoted  to  the  proper 
metal  composition  for  the  wheel  and  to  the  most  suitable  shape 


Fig.  7 


for  the  flanges  a  and  for  the  groove  h,  A  bushing  is  provided 
at  c  and  the  axle,  which  passes  through  hole  d,  is  oiled  through 
hole  e.    Wear  in  the  bushing  causes  the  wheel  to  rattle.     To 


Fig.  8 


Fig.  9 


keep  an  ordinary  bushing  in  good  order,  it  should  be  oiled 
every  15  or  20  miles. 

Fig.  8  shows  an  assembled  harp  and  wheel  with  the  wheel 
engaging  the  trolley  wire.     Fig.  9  shows  a  platform  that  may 
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be  used  for  the  systematic  inspection  and  oiling  of  wheels  and 
other  trolley  parts. 

11.  The  pressure  of  the  wheel  against  the  wire  usually 
ranges  from  20  to  40  pounds,  depending  on  the  tautness  and 
alinement  of  the  trolley  wire,  the  speed  of  the  car,  and  the 
condition  of  the  roadbed.  The  compression  required  on  the 
trolley-stand  springs  depends  on  the  desired  pressure  of  the 
wheel  against  the  wire,  the  weight,  fittings,  and  length  of  the 
pole.  A  spring  balance  attached  to  the  wheel  may  be  used  to 
test  the  wheel  pressiu^e  against  the  wire;  the  reading  of  the  bal- 
ance is  taken  when  the  pull 
exerted  on  the  wheel  through 
the  balance  is  just  suflScient 
to  cause  the  wheel  to  leave  the 
trolley  wire.  When  the  car  is 
in  operation,  if  the  pressure  is 
too  weak,  the  wheel  may  leave 
the  wire;  and  if  too  strong,  the 
wear  of  the  wire,  the  wheel, 
and  the  wheel  bearings  will 
be  excessive.  The  wheel 
pressure  is  regulated  by  ad- 
justing the  tension  of  the  trol- 
ley-stand springs. 


TBOLLET    ACCESSORIES 

12.    Trolley   catcliers 

are  devices  intended  to  pre- 
vent damage  to  overhead 
wiring,  in  case  the  trolley 
wheel  leaves  the  wire.  The 
catcher  is  usually  installed  on 
the  dash  iron  of  the  car  and 
can  be  carried  from  one  end  of  the  car  to  the  other  as  desired. 
A  rope  connects  the  upper  end  of  the  trolley  pole  to  the  catcher. 
Should  the  wheel  leave  the  wire,  the  mechanism  of  the  catcher 


Pig.  10 


Digiti 


ized  by  Google 


8  ELECTRIC-CAR  EQUIPMENT  §22 

will  act  and  hold  the  pole  after  the  wheel  has  risen  a  very 
short  distance.  The  pole  in  this  position  is  less  liable  to  cause 
damage  than  if  it  were -allowed  to  assume  a  vertical  position. 

13.  A  trolley  retriever,  Fig.  10,  is  a  device  somewhat 
similar  to  the  trolley  catcher,  but  in  case  the  wheel  leaves  the 
trolley  wire,  the  retriever  pulls  the  pole  down  imtil  the  wheel  is 
3  or  4  feet  below  the  wire  and,  therefore,  clear  of  all  inter- 
ference with  other  overhead  wires.    A  portion  of  the  retriever 


Fig.  11 

mechanism  allows  the  rope  to  wind  on  or  unwind  from  a  reel 
as  the  trolley  wheel  rises  or  falls  while  following  the  wire. 
When  the  wheel  leaves  the  wire,  the  rope  is  woimd  on  the  red 
and  the  pole  is  lowered  by  the  action  of  a  strong  spring  that  is 
suddenly  set  in  action  within  the  retriever. 

14.  Trolley  guards,  Fig.  11,  are  sometimes  installed  on 
the  trolley  wires  at  the  crossings  of  electric  and  steam  roads, 
under  bridges,  and  at  the  approach  of  tunnels.     In  case  the 
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trolley  wheel  leaves  the  wire,  the  guard  will  lead  it  back  into 
its  proper  position  on  the  wire  and  the  car  will  not  lose  current 
in  what  may  be  a  dangerous  situation.  The  guard  is  held  in 
place  by  special  suspension  wires. 


CIBCnrr-BREAKEStS 

15.  Broadly  considered,  a  circuit-breaker  is  a  device 
for  readily  opening  and  closing  a  circuit,  either  manually  or 
automatically.  As  generally  understood,  a  circuit-breaker, 
tisually  referred  to  simply  as  a  breaker,  is  a  switch  that  opens 
automatically  when  dangerous  current  conditions  occur  in  the 
circuit  of  which  it  is  a  part. 

The  broader  definition  in- 
cludes both  switches  and  auto- 
matic breakers  and  both  will 
be  discussed  imder  this  head. 

The  types  of  ireakers  used 
on  cars  to  open  the  motor  cir- 
cuit depend  on  the  nature  of 
the  operating  system,  to  a  cer- 
tain extent  on  the  size  of  the 
car,  and  on  whether  the  con- 
trol is  manual  or  automatic. 
When  operated  by  hand,  the 
device  is  usually  installed  in 
the  car  hood,  within  easy  reach 
of  the  motorman;  hence  the 
name,  hood  suntch.  The  manu- 
ally operated  switches  in  the  ^'^*  ^ 
two  car  hoods  are  usually  connected  in  series,  as  in  Fig.  1. 

Automatic  breakers  are  usually  placed  in  independent  cir- 
cuits, as  shown  in  Fig.  2,  to  enable  the  motorman  to  close  the 
circuit  quickly  after  a  breaker  has  opened.  If  the  two  breakers 
were  in  series  and  the  rear  one  opened,  the  circuit  could  only 
be  closed  after  considerable  delay. 

16.  Breakers  Tripped  by  Hand. — Fig.  12  indicates  one 
part  of  a  manually  operated,  quick-break  main  switch  for  an 
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equipment  not  exceeding  200  horsepower  in  capacity.  The 
part  shown  is  for  attachment  to  the  roof  over  the  motonnan*s 
head.  A  magnetic  blow-out  coil,  indicated  by  dotted  lines,  and 
located  in  the  lower  portion  of  the  box,  is  connected  between 
the  right-hand  switch  terminal  and  the  block  to  which  the  switch 
arm  is  electrically  joined. 

Fig.  13  shows  a  type  of  quick-break  switch  used  in  motor 
circuits  of  multiple-unit  cars  to  open  the  circuit  leading  to  the 
car  apparatus  when  inspections  or  tests  are  being  made.  The 
switch  is  intended  to  carry  safely  the  full-load  current,  but  not 
to  be  used  for  opening  the  circuit  except,  when  in  an  emergency, 


Fic.  13  Fig.  14 

the  automatic  breaker  in  the  same  circuit  fails  to  operate. 
When  the  switch  is  opened,  the  upper  blade  first  leaves  the 
switch  jav/s  and  puts  in  tension  the  two  springs  connecting  the 
upper  and  lower  blades.  When  the  tension  becomes  suffidently 
strong,  the  lower  blade  leaves  the  switch  jaws  very  suddenly 
and  opens  the  circuit. 

Fig.  14  shows  a  disconnecting  switch  used  for  disconnecting 
high-tension  car  wiring  during  inspections  and  tests.  This 
switch  is  not  intended  for  opening  loaded  circuits.  It  is 
operated  by  means  of  wooden  poles  provided  with  hooks  that 
may  be  inserted  in  the  holes  in  the  switch  blades. 
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17.  Breakers  Automatically  Operated. — When  a 
loaded  high-tension  car  circuit  is  to  be  opened,  an  oil  switch 
is  often  tised.  Fig.  15  shows  a  type  of  oil  switch  used  on  a 
multiple-unit  car  operating  on  a  single-phase,  alternating- 
current  system.  A  magnet  a,  when  energized,  operates  through 
a  system  of  levers  to  close  switch  contacts  b  installed  in  a  case 


Fig.  15 

containing  insulating  oil.  The  lower  contacts  b  are  mounted  on 
a  crosshead  supported  on  a  wooden  rod.  If  current  through 
the  operating  coil  ceases,  the  switch  opens  by  gravity. 

In  the  open  position  of  the  switch,  as  shown,  a  pin  on  an 
extension  of  the  armature  depresses  two  spring  contacts  away 
from  the  contact  piece  c  and  in  the  closed  position  the  same  pin 
raises  two  other  springs  from  the  same  contact  piece.     The 
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springs  and  contact  piece  constitute  what  is  known  as  interlock 

switches,  the  purpose  of  which  is  to  make  the  closing  or  opening 

of  certain  control  cir- 
cuits dependent  on  the 
position  of  some  main 
switch.  They  are  used 
in  some  methods  of 
speed  control  of  multi- 
ple-unit trains.  This 
switch  may  be  arranged 
to  be  operated  by  either 
closing  or  opening  the 
circuit  of  the  operating 
coil  a  by  means  of  a 
hand-operated  switch, 
or  automatically  by- 
means  of  a  relay  that 

may  be  installed  in  some  control  circuit. 
The  insulating  oil  must  be  non-explosive  and  non-freezable 

in  the  coldest  weather 

encountered. 

18.  Figs.  16  and 
17  show  a  circuit- 
breaker  much  used  in 
cars  taking  not  over 
200  amperes.  This 
breaker  opens  auto- 
matically on  overload 
and  can  be  opened 
manually  by  pressing 
the  button  shown  out- 
side the  case  in  Fig.  16. 
It  is  closed  by  moving 
the  handle,  shown  pro- 
jecting below  the  case, 

to  the  right.    The  terminals  h  and  i,  Fig.  17,  serve  to  con- 
nect the  circuit,  to  the  magnet  coil  v.     If  the  current  in  the 
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circuit  exceeds  the  value  for  which  the  breaker  is  adjusted,  or 
if  the  button  outside  the  case  is  depressed,  the  armature  g  is 
brought  against  the  releasing  lever/;  the  switch  contacts  located 
in  the  blow-out  flue  shown  at  the  left,  then  snap  open.  The 
compression  spring  5  which  is  located  between  the  top  part  of 
the  handle  and  the  switch  arm,  serves  to  hold  the  contacts 
firmly 'together  when  the  switch  is  closed.  When  a  loaded 
circuit  is  opened  by  this  breaker,  hot  gases  are  expelled  through 
the  blow-out  flue. 


FUSES 


19.  In  some  installations,  a  fuse  is  used  in  conjunction  with 
a  breaker  as  a  further  element  of  safety,  should  the  breaker 
fail  to  operate. 

Fig.  18  shows  an  enclosed  fuse  and  its  enclosing  asbestos- 
lined  iron  box.    The  fuse  is  connected  in  circuit  by  means  of  the 


Fig.  18 

switch  dips  shown  near  the  ends  of  the  fuse  cylinder.  When 
the  fuse  has  blown,  the  telltale  wire  a  also  biuns  out  and  indicates 
that  the  main  fuse  has  operated.  A  new  fuse  can  be  easily 
placed  in  the  clips. 

20.    Fig.   19  shows  the  interior  of  a  type  of  mafpietlc 
blow-out  fuse  box,  the  hinged  cover  being  dropped.    The 
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circuit  wires  enter  the  box  through  holes  in  the  cover  and  are 
fastened  to  the  fuse  terminal  blocks  by  the  nuts  shown.     The 

fuse  consists  of  a  cop- 
per ribbon  stretched 
between  the  blocks. 
The  cross-section  of 
the  fuse  is  decreased 
at  the  center  by  a 
hole  punched  in  the 
fuse.  The  central 
part  of  the  fuse  thus 
has  the  least  current- 
carrying  capacity,  and 
the  fuse  will  melt  at 
that  point.  The  arc 
takes  place  some  dis- 
tance from  either  ter- 
minal, and  the  ter- 
minals are  less  liable 
^'°'  ^®  to    damage    than    if 

the  fuse  melted  at  a  point  near  one  of  them.     In  the  fuse  box 
shown,  the  current  in  the  fuse  sets  up  in  the  iron  plates  on  the 
box  and  cover  the  magnetic  flux  that  helps  to  extinguish  the 
arc.     In  high-tension  fuse  boxes,  blow-out  coils  are  provided. 
A  new  fuse  is  placed  in  the 
clamps,    which    may    be 
tightened  by  the  two  knobs 
shown  at  the  sides  of  the 
box. 

21.     Fig.   20    shows    a 
type  of  expulsion  fuse 

sometimes  used  in  high- 
tension  car  circuits.  The 
fuse  is  inserted  in  a  tube  ^^^"  ^ 

made  of  insulating  material.  Terminal  pieces  on  the  tubes  fit 
in  switch  clips  mounted  on  porcelain  insulators.  When  a  fuse 
blows,  the  sudden  accumulation  of  gas  in  the  chamber  at  the 
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base  of  the  fuse  expels  the  metal  vapor  and  blows  out  the  arc. 
The  tube  may  be  removed  from  the  clips  and  a  new  fuse  wire 
inserted.  

'      MOTOR    RHEOSTATS 

22.    Motor  rheostats  consists  of  resistors  with  taps  leading 
to  the  controller.     The  resistance  in  the  motor  circuit  can 


Pig.  21 

thereby  be  cut  out  in  steps  as  the  car  speed  increases  and  the 
motors  thus  allowed  to  build  up  a  counter  electromotive  force. 

Fig.  21  shows  a  „ 
type  of  rheostat  made 
of  cast-iron  grids  in 
two  rows,  each  row 
supported  by  two  in- 
sulated rods.  The 
rods    pass   through 

U-shaped  openings  in  ^ 

the  grid  lugs,  so  that 

any  grid  can  be  removed  and  replaced   as  indicated.     The 
adjacent  terminals  of  two  grids  are  in  contact  with  each  other 
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on  one  rod  and  insulated  from  each  other  on  the  other,  thus 
causmg  the  ciurent  to  take  a  zigzag  path  through  the  rheostat. 
Fig.  22  indicates  the  method  of  mounting  the  grids  on  one 
side  of  the  rheostat.  The  rheostats  are  usually  mouaited  under 
the  car  in  a  position  where  water  will  not  readily  reach  them. 


LIGHTNING  ARRESTERS 

23.  Carborimduiii-Block  Arrester. — Fig.  23  shows  a 
type  of  carborundum-block  arrester.  The  spark  gap  is  formed 
between  a  terminal  plate  shown  at  the  right  and  the  carbonm- 
dum  block.  The  other  terminal  of  the  arrester  is  a  plate 
connected  directlv  to  the  left  side 


ber  of  minute  discharge  paths.  The  nominal  voltage  of  the 
line  is  not  sufficiently  high  to  maintain  arcs  across  these  small 
air  gaps  after  the  lightning  discharge  has  ceased.  The  arrester 
then  assimies  its  normal  condition. 

Fig.  24  illustrates  the  arrangement  of  the  parts  of  the  car- 
borundum-block arrester  and  the  case  in  which  it  is  enclosed. 
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24.  Magnetic  Blowout  Arrestep.— Fig.  25  shows  an 
arrester  in  which  the  arc  due  to  the  trolley  current  following 
the  lightning  discharge  across  the  air  gap  is  extinguished  by 
means  of  a  magnetic  blowout  coil.  The  terminal  pieces  for  the 
spark  gaps  a  are  mounted  on  the  cover  and  when  in  position 
lie  between  the  pole  pieces  b  of  the  magnet  c.  The  magnet 
coil  is  in  parallel  with  a  portion  of  the  resistor  d. 

Fig.  26  shows  the  connections  of  the  magnetic  blowout 
arrester.    The  action  of  the  choke  coil  in  the  motor  circuit 


n — 


Fig.  25  Fig.  26 

tends  to  divert  the  current  of  the  lightning  discharge  across  the 
air  gap  and  directly  through  the  whole  length  of  the  resistor  to 
a  groimd  connection  on  the  motor  frame.  When  the  trolley 
current  follows  through  this  discharge  path,  some  of  it  energizes 
the  blowout  coil  and  extinguishes  the  arc  at  the  air  gap.  The 
arrester  is  then  in  readiness  for  another  lightning  discharge. 

25.  Arresters  Opening  the  Ground  Circuit. — ^Fig.  27 
shows  a  type  of  arrester  in  which  the  arc  is  disrupted  by  opening 
the  ground  circuit.  The  line  wire  is  shown  at  a  and  the  ground 
wire  at  6.    The  coil  c  is  connected  in  parallel  with  the  lower 
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portion  of  the  resistor  d.  At  the  upper  end  of  d  is  a  fixed  air 
gap.  A  plunger  armature  in  coil  c  rests  on  a  fixed  grounded 
contact  in  an  insulating  tube  shown  below  the  coil  c.  The 
current  of  the  lightning  discharge  passes  across  the  fixed  air 
gap  and  through  the  re- 
sistor and  plunger  to  AfumJnum 
ground.  When  the  trol- 
ley current  follows,  some 
of  it  energizes  the  coil  c, 
thus  lifting  the  plunger 
and  opening  the  circuit 
at  the  lower  fixed  con- 
tact in  the  tube.  The 
arc  is  extinguished,  the 


Cround 


Fig.  27 


Pig.  28 


plunger  falls  back  in  position,  and  the  arrester  is  ready  for 
further  service. 

26.  Aluminum  Electrolytic  Arresters. — When  alum- 
inum is  treated  in  certain  electrolytes,  a  film  forms  on  its 
surface.  This  film  offers  very  high  resistance  to  the  passage  of 
low-voltage  electricity  between  the  aluminum  and  the  electro- 
lyte and  very  low  resistance  to  high-voltage  electricity,  especially 
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if  it  is  alternating  at  high  frequency,  as  is  the  case  with  lightning 
discharges.  By  nesting  together  a  series  of  cup-shaped  altim- 
inum  trays  with  intervening  spaces,  and  filling  each  tray  with 
electrolyte,  a  very  effective  lightning  arrester  is  formed. 
Each  assembly  of  this  kind  forms  a  cell,  or  unit. 

Fig.  28  gives  end  (a)  and  side  views  (b)  of  two  cells  connected 
in  series  with  a  fuse  between  a  trolley  line  and  ground.  Each 
cell  bridges  a  gap  and  each  gap  is  also  bridged  by  a  resistor. 
A  lightning  discharge  breaks 'down  the  resistance  of  the  film 
and  the  electricity  flows  readily  to  groimd;  but  as  soon  as  it 
has  passed,  the  film  reforms  and  prevents  the  escape  of  electricity 
at  the  normal  voltage,  except  a  small  leakage  ciurent,  which 
serves  the  useful  purpose  of  keeping  the  film  in  proper  condition. 
If  the  cells  are  to  be  left  idle  for  a  considerable  time,  the  electro- 
lyte should  be  withdrawn.  When  the  cells  are  again  placed  in 
service,  the  electrolyte  should  be  put  in  and  the  film  reformed 
by  connecting  the  cells  in  series  with  five  32-candlepower, 
120-volt  incandescent  lamps  across  a  600-volt  circuit.  The 
lamps  will  usually  brighten  for  an  instant  and  then  darken,  as 
the  film  is  formed.  Inspection  should  be  made  at  regular 
intervals. 


LIGHTING,  HEATING,  AND  AUXILIARY 
APPARATUS 


ELECTRIC-CAR  LIGHTING 

27.  Llgbtlng-Circult  Diagrams. — The  lighting  circuits 
on  a  car  include  the  lamps  for  interior  use,  the  platform  lamps, 
the  headlights,  the  signal  lamps,  and  switching  arrangements 
for  cutting  one  or  more  of  these  devices  into  or  out  of  service, 
as  desired.  The  signal  lamps  should  be  provided  with  a  source 
of  energy  independent  of  the  trolley  system  to  insure  their 
operation  when  needed. 

28.  Fig.  29  shows  a  very  simple  lighting-circuit  diagram, 
including  interior  lamps  a,  platform  lamps  fc,  headlights  c,  and 
a  single-pole,  double-throw,  knife-blade  switch  d.    With  the 
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switch  in  the  upper  position,  the  headlight  at  the  left  end  ^ind 
the  platform  light  at  the  right  end  are  connected  in  series  with 
the  interior  lamps  across  the  line.  With  the  switch  in  the  lower 
position,  the  other  platform  lamp  and  headlight  are  active. 

29.  Fig.  30  shows  a  car-lighting  diagram  for  a  large  side- 
entrance  car.  The  circuits  are  numbered  from  i  to  ^,  inclusive. 
Each  circuit  is  provided  with  a  fuse  and  all  circuits  are  controlled 
by  a  main  switch  a.  The  headlights  which  are  in  circuit  6  are 
controlled  by  a  single-pole,  double-throw  switch  b.  Circuits  3 
and  4  include  only  interior  lamps.  Each  of  circuits  1  and  2 
includes  foiu*  interior  lamps  and  one  sign  lamp  Ic  or  2  c.  Cir- 
cuit 6  includes  two  interior  lamps,  two  sign  lamps  6  c,  switch  6, 
and  one  of  the  two  headlights  5d,  depending  on  which  way 
switch  6  is  closed. 

Each  of  the  sign  lamps  is  in  series  with  lamps  of  an  interior 
circuit;  therefore,  any  derangement  of  a  sign  circuit  is  indicated 

by  the  lamps  within 
the  car  going  out. 

30.  Fig.  31  shows 
a  wiring  diagram  for 
signal  lanterns  that 
may  be  operated  from 
either  the  trolley  circuit  or  from  a  storage  battery.  There  are 
two  trolley  signal  lamps  and  two  battery  signal  lamps  at  each 
end  of  the  car.  The  main  switch  is  shown  at  a;  one  double- 
pole,  double-throw  switch  at  6,  and  one  at  c;  a  storage  battery 
at  d,  and  a  relay  at  e.  When  the  trolley  lamps  are  in  series,  this 
relay  fomtis  a  connection  between  terminals  1  and  2,  and  when 
the  battery  lamps  are  in  service,  between  1  and  5,  the  ground 
connection  formed  through  1  and  2  then  being  cut  out. 

Switches  h  and  c  serve  to  cut  in  or  out  of  circuit  the  signal 
lamps  on  their  respective  ends  of  the  car.  While  the  trolley 
circuit  is  active  and  the  relay  connection  remains  between  1 
and  2,  these  switches  control  the  trolley  signal  lamps  only; 
if  the  trolley  current  fails,  the  relay  connection  is  automatically 
transferred  to  points  1  and  5,  and  switches  b  and  c  then  serve 
to  control  the  battery  signal  lamps.    With  the  switches  b  and  c 
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in  the  positions  shown  and  with  the  trolley  current  off,  the 
battery  signal  lamps  at  both  ends  are  active.  The  pilot 
lamp  is  also  active,  showing  that  the  battery  is  discharging. 
When  the  trolley  circuit  again  becomes  active,  the  relay  connects 
the  trolley  lamps  in  circuit  and  cuts  out  the  battery  lamps. 

The  battery  is  charging  when  the  trolley  lamps  are  active,  as 
there  are  five  lamps  and  the  storage  battery  in  series  across  the 
circuit. 

31.  Fig.  32  shows  a  signal  lantern  and  the  relative  positions 
of  the  trolley  and  battery  signal  lamps.    The  lens  may  be  of 


Pig.  32 

the  desired  color  to  act  as  a  danger  signal  or  to  indicate  the 
classification  of  the  car.  Usually  one  lantern  of  a  pair  is  used 
as  a  tail-light  and  the  other  as  a  marker  to  show  the  kind  of 
service  or  the  destination. 

HXIADLIOHTS 

32,  The  illumination  of  headlights  for  electric  cars  or 
trains  is  usually  provided  by  an  incandescent  lamp,  an  arc 
lamp,  or  both.  A  high-speed  interurban  train  requires  a 
considerable  distance  in  which  to  stop  after  detecting  an 
obstruction  on  the  track;  therefore,  a  headlight  containing  an 
arc  lamp  that  will  project  a  strong  light  for  1,000  feet  or  more, 
is  required.    Such  a  light  is  undesirable  for  city  work  because 
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of  its  blinding  effects  on  drivers  of  other  vehicles  and  pedes- 
trians.   An  incandescent  lamp  provided  with  a  reflector  is 
commonly   employed   in   headlights   for   city   service.    Cars 
operating  in  both  dty  and  interurban  service  sometimes  have  a 
combination  headlight  in  which  are  installed  an  incandescent 
and  an  arc  lamp.    Occasionally  separate  devices  are  used,  the 
incandescent  headlights  are  mounted  permanently  on  both 
ends  of  the  car  and  the  arc  headlight  is 
of  the  portable  type.    The  headlight  is 
usually  carried  on  the  front  of  the  dash 
of  cars  operating  singly  and  on  the  top  of 
the  bonnet  of  cars  used  in  train  service. 

33.    Incandescent  Headlights. 

Incandescent  headlights  may  be  of  the 
portable  or  permanent  type,  and  set 
within  a  hole  in  the  dash,  mounted  on  a 
bracket  in  front  of  the  dash,  or  installed 
on  the  car  bonnet. 

Fig.  33  shows  a  type  of  portable  in- 
candescent dash  light  consisting  of  an 
incandescent  lamp,  a  reflector,  and  an 
enclosing  case.  The  case  has  an  exten- 
sion contact  piece  that  may  be  inserted 
in  a  receptacle  5  attached  to  each  end 
of  the  car.  A  cover  C  protects  the  in- 
terior of  the  socket  when  the  dash  light 
is  not  in  service. 

Fig.  34  shows  a  wiring  diagram  to  be  fig.  33 

tised  for  a  portable  dash  light  on  a  car  equipped  with  two  five- 
lamp  circuits.  The  circuits  from  the  troUey  T  are  controlled 
by  a  switch  5  and  protected  by  a  fuse  in  a  fuse  box  F.  B. 
Both  circuits  are  grounded  at  G.  The  lamp  for  the  dash  light 
is  indicated  at  7.  When  the  contact  piece  of  the  dash  light  is 
in  the  receptacle  at  the  right,  the  lamp  7  is  cut  into  circuit 
with  the  four  lamps  L,  and  the  lamp  Li  is  cut  out  of  circuit 
by  the  opening  of  the  two  lower  springs  in  the  receptacle. 
When  the  dash  light  is  installed  at  the  left  end  of  the  car,  the 
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lamp  L2,  which,  as  shown  is  in  circuit,  is  cut  out  and  the  dash 
light  substituted. 

34.    Arc  Headlights. — Fig.  35  is  a  general,  and  Fig.  36 
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a  sectional,  view  of  a  combination  incandescent  and  arc  head- 
light.   An  incandescent  lamp  is  attached  inside  the  door  and 


PiQ.  35 


may  be  used  to  provide  light  for  city  work.    When  the  arc  lamp 
is  used,  the  incandescent  lamp  is  cut  out  of  circuit,  but  the 
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lamp  itself  remains  in  the  front  of  the  headlight.    The  arc- 
light  carbons  are  inclined  at  an  angle  of  45**  with  the  perpen- 


PiG.36 

dicular,  to  present  a  large  area  of  crater  to  the  center  of  the 
reflector.  The  initial  drawmg  of  the  arc  or  its  reestablishment 
and  the  feeding  of  the  carbon  are  automatically  controlled  by 
a  coil  in  series  with  the  arc. 

Fig.  37  shows  a  wiring  diagram  for  a  headlight  of  this  type. 
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Fig.  37 


The  resistance  used  in  series  with  the  arc  light  is  such  as  to 
admit  a  current  of  3J  amperes  at  a  line  pressure  of  550  volts, 
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the  drop  across  the  axe  then  being  about  75  volts.  Both  the 
incandescent  attachment,  supported  on  the  door,  and  the  arc- 
lamp  drcuits  have  plugs  and 
receptacles  of  their  own,  and 
in  order  to  obviate  the  nec- 
essity of  pulling  the  plug  of 
the  lamp  circuit  that  is  not 
i  wanted,  both  receptacles  are 
connected  to  a  two-point 
switch,  the  position  of  which 
determines  which  circuit  shall 
be  supplied  with  current. 
When  the  headlight  is  changed 
from  one  end  of  the  car  to 
the  other,  both  plugs  must 
^    ,„  be    removed    frran   the   re- 

FiG.  38 

ceptades. 

35.    Fig.  38  shows  the  exterior  of  a  portable  luminous  arc 
headlight  used  in  suburban  and  city  service;  Fig.  39  illustrates 
the  interior  and  Fig.  40  the  electrodes.    The  operating  mech- 
anism and  the  electrodes  are  placed  in  separate  chambers  in 
order  to  protect  the  coils  from  the  arc  gases.    The  upper  or 
positive  electrode  is  of  copper  and  will  last  from  1,000  to  2,000 
hours;  the  lower  or  nega- 
tive electrode  is  an  iron 
tube  filled  with  a  mixture 
of  magnetite,  chromium, 
and  titanium  and  it  will 
last   from    150   to    175 
hours. 

The  arc  takes  a  cur- 
rent of  2  amperes  at 
about  90  volts.  The 
negative  side  of  this 
headlight  is  grounded 
to  the  casing;  therefore, 

only  one  plug  and  socket  is  required  to  connect  the  headlight 
in  series  with  a  resistor  across  the  circuit. 
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36.  For  high-speed  interurban 
service  a  luminous  arc  headlight 
taking  a  current  of  4  amperes  may 
be  used.  In  order  to  dim  the  light 
when  desired,  an  incandescent  lamp 
placed  in  the  case  may  be  cut  into 
circuit  and  the  arc  lamp  cut  out; 
or  the  current  through  the  arc  lamp 
may  be  reversed  in  direction  and 
caused  to  pass  through  an  addi- 
tional resistor.  With  the  copper 
electrode  acting  as  a  negative,  the 
light  wiU  be  lessened. 

Fig.  41  shows  a  wiring  diagram 
for  a  4-ampere,  two-terminal  head- 
light, arranged  for  reversing  the 
current  through  the  arc  lamp  by 
means  of  the  double-pole,  double- 
throw  switches.  The  extra  resis- 
tance in  circuit  when  the  copper  is 
used  as  a  negative  electrode  decreases 
about  2J  amperes.  

ELECTRIC  CAR  HI 

37*    Electric  heaters  are  extei 
car  heating  because  of  their  convenie 
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Fig.  41 


electric  car  heater  consists  of  resistance  wire  in  an  enclosing 
case.    The  wire  is  heated  by  the  current,  and  the  case  keeps  the 
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clothing  of  passengers  away  from  the  hot  wires  while  allowing 
a  drctdation  of  air.  From  4  to  20  heaters  may  be  required  to 
a  car,  depending  on  the  size  of  the  car,  the  climate,  the  kind  of 
traffic,  and  the  make  of  heater.  A  number  of  small  heaters 
symmetrically  placed  produce  an  even  distribution  of  heat. 
To  keep  a  20-foot  closed  car  comfortable  during  average  winter 
weather  in  the  vicinity  of  New  York  City  requires  about 
10  amperes  at  500  volts,  or  about  8.3  amperes  at  600  volts; 
this  is  between  6  and  7  horsepower  per  car.  A  rough  estimate 
for  winter  weather  in  a  cold  climate  is  that  one-third  of  the  total 
energy  required  for  the  operation  of  the  car  is  utilized  by  the 
heaters.  The  reason  for  this  high  proportion  is  that  the  heating 
current  is  used  continuously  and  the  propulsion  current  inter- 
mittently. 

Heaters  are  usually  arranged  to  provide  three  degrees  of 
heat  by  means  of  a  switch  and  division  of  the  heaters  into 
groups.  On  some  roads  the  heating  of  the  car  is  left  to  the 
discretion  of  either  the  conductor  or  the  despatcher,  and  in 
other  cases,  the  heating  is  controlled  automatically  by  means  of 
a  circuit-closing  thermometer. 


CONSTRUCTION    OF    ELECTRIC    HEATERS 

38«    Fig.  42  shows  a  type  of  heater  in  which  the  active  wire 
formed  into  a  spiral  is  wound  in  the  grooves  of  a  porcelain 


tube.    The  tube  is  supported  on  a  steel  rod  extending  between 
metal  heads.    The  terminals  are  brought  out  through  porcelain 
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bushings  at  one  or  both  ends,  as  desired.  One,  or  more,  of  these 
wire  spirals  is  enclosed  in  a  case,  a  portion  of  which,  as  shown 
in  Fig.  43,  is  perforated  to  allow  circulation  of  air. 

39.    In  some  heaters,  the  spiral  of  wire  is  supported  on 


Fig.  43 


knobs  a,  as  indicated  in  Fig.  44.     Knobs  b  serve  as  anchors  for 
the  terminals  of  the  heating  element. 

Another  method  of  mounting  the  spiral  is  shown  in  Fig.  45. 


Pig.  44 


The  support  consists  of  a  J-inch  curved,  enamel-covered  steel 
rod  /?,  which  touches  the  spiral  5  in  only  a  few  places. 

The  object  of  the  spiral  construction  of  bare  wire  is  to  allow 
the  air  free  access  to  nearly  the  entire  stirface  of  hot  wire.    The 


Fig.  46 


tension  on  the  turns,  due  to  the  method  of  mounting  the  spiral, 
tends  to  keep  them  from  touching  and  thus  cutting  out  of  circuit 
some  of  the  resistance. 
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HEIATEB    CIBCUrrS 


40.  All  manually  operated  car  electric-heater  systems 
employ  practically  the  same  method  of  comiecting  the  heaters 
and  regulating  the  heat.    Pig.  46  shows  circuits  for  four  heaters, 
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Four  Heater  £qu/pment 
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Pig.  46 

each  heater  having  two  coils  of  tmequal  resistance.  The  top 
coils  are  connected  in  one  series  and  the  bottom  coils  in  another. 
The  switch  can  be  closed  so  that  either  series  will  be  in  circuit 
alone  or  so  that  the  two  series  will  be  joined  in  parallel  across 
the  circuit,  thus  providing  for  three  degrees  of  heat. 

41.    Fig.  47  illustrates  a  switch  used  in  heater  circuits. 
The  trolley  terminal  is  shown  at  T  and  terminals  1  and  2  are 


Pic.  47 


connected  to  the  two  heater  circuits,  as  indicated  in  Fig.  46. 
Arms  a,  fc,  and  c.  Fig.  47,  rotate  with  the  central  part  of  the 
switch;  the  positions  of  the  switch  are  indicated  by  the  numbers 
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and  the  word  '*off*'  marked  on  the  black  disk,  as  seen  through 
the  hole  in  the  cover.     In  the  position  shown  the  top  and 


■oN)— vyww — /w^  g 


Fig.  48 


bottom  heater  circuits  are  in  parallel  and  the  heaters  are  giving 
maximum  service. 

42.  Fig.  48  shows,  for  a  large  center-entrance  car,  two 
independent  circuits  that  contain  ten  heaters  each,  with  two 
elements  in  each  heater. 
The  temperature  of  the 
car  is  controlled  by 
means  of  a  thermostat 
and  an  automatic 
switch.  This  ther- 
mostat is  adjusted  to 
cause  the  heater  circuit 
to  open  if  a  certain 
temperature  is  exceeded 
and  to  close  if  the  car 
temperature  falls  below 
this  fixed  point.  One 
or  more  of  the  heater 
circuits,  as  the  weather 
conditions   require,    are  fig.  49 

placed  in  service  by  means  of  small  switches  and  the  ther- 
mostat then  regulates  the  temperature  of  the  car. 


Digitized  by  LjOOQIC 


32 


ELECTRIC-CAR  EQUIPMENT 


§22 


HBAT   REGULATION 

43.  Fig.  49  shows  a  type  of  automatic  switch  for  the  control 
of  heating  circuits,  and  Fig.  50  indicates  the  connections  of  the 
switch  to  a  circuit-closing  thermometer.  In  both  figures 
resistors  are  shown  at  a  and  6,  the  operating  coil  of  the  heater 
switch  at  Cy  a  blow-out  coil  at  d,  a  relay  coil  at  e,  a  fuse  at  /. 
and  in  Fig.  60,  a  circuit-making  thermometer  at  g.  The 
mercury  of  the  thermometer  as  it  rises  makes  a  connection 
between  a  fixed  and  an  adjustable  contact.    The  operating 

coil  c  is  energized  by 
current  through  a,  c, 
and  by  to  ground. 
Fig.  50.  Coil  c  closes 
the  switch,  and  the 
heaters  receive  cur- 
rent through  the  blow- 
out  d  and  switch. 
When  the  temper- 
ature of  the  car  rises 
to  the  point  for  which 
the  upper  thermome- 
ter terminal  is  ad- 
justed, the  relay  is  energized  by  current  through  a-^-f-e-g- 
ground.  The  relay  contacts  shown  above  coil  e  close,  thus 
short-circuiting  the  operating  coil  c,  which  causes  the  switch 
and  the  heater  circuit  to  open.  When  the  temperature  falls 
below  the  desired  point,  the  short  circuit  is  removed  from 
coil  c,  which  acts  to  close  the  heater  circuit. 

The  upper  contact  on  the  thermometer  can  be  set  to  regulate 
the  temperature  at  any  desired  value  from  which,  through  the 
action  of  the  automatic  switch,  but  a  smad  variation  is  allowed. 


Pic.  60 


COMBINED    HOT-AIB    AND    VENTILAllNO    SYfiTTEMS 

44.  In  some  systems  for  heating  and  ventilating  cars,  fresh 
air  is  drawn  from  the  roof,  side,  or  bottom  of  the  car,  heated  by 
passage  through  a  small  coal  furnace,  and  then  discharged 
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through  a  distributing  duct  usually  placed  on  one  side  of  the 
car.    The  movement  of  the  air  stream  is  set  up  by  a  blower 

motmted  on  the  fur-  ^ ^^^ 

nace.  Fig.  51  indicates     fb/sb^.A^^ 
the  general  features  of  ^CL 

a  heating  and  venti- 
lating system  of  this 
type.  The  air  enters 
at  a,  passes  through 
the  preliminary  heat- 
ing chamber  6  into  the 
blower,  and  is  then 
forced  through  the 
final  heating  cham- 
ber c  into  the  dis- 
tributing duct.  The 
duct  has  slots  of  vary- 
ing widths  that  pro- 
vide proper  distribu- 
tion of  the  heated  air 
throughout  the  car. 


^ 


Fig.  61 


45*    In  place  of  a 
coal  furnace,  an  elec- 
tric  heater   is   some- 
times used  to  warm  the  air  and  a  blower  provided  to  force  the 
air  through  the  heater  and  distributing  duct.    Fig.  52  shows 


the  exterior  of  an  electric  heater  and  blower  and  Fig.  53  indi- 
cates the  air  passages.     The  heater  elements,  composed  of  wire 
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wound  in  spiral  form,  are  arranged  in  groups  so  that  all  or 
part  may  be  connected  in  circuit.    Automatic  control  by  means 

of  a  thermostat  serves 
to  close  or  open  the 
heater  circuit  in  ac- 
cord with  the  temper- 
attire  conditions. 

46.  In  the  hot- 
water  system  of  car 
heating,  the  water 
flows  through  a  closed 
circuit  of  piping  including  a  pipe  spiral  placed  within  the  fire- 
box of  a  small  coal  furnace.  To  prevent  damage  by  freezing 
care  must  be  taken  to  drain  the  pipe  of  water  in  case  the  car 
is  to  be  out  of  service  for  a  considerable  time. 


Pig.  53 


AUXILIARY  CAR  DEVICES 


CONTROLLER   REGULATORS 

47.  The  controller  regrulator  is  a  device  attached  to 
the  top  of  a  controller  to  retard  the  movement  of  the  handle 
toward  the  nmning  position,  as  too  rapid  movement  would 
damage  the  electric  apparatus.  Fig.  54  shows  the  exterior  of 
one  type  of  a  controller  regulator  called  an  automotoneer.  The 
lower  casting  a  is  fixed  to  the  top  plate  of  the  controller  and  the 
upper  casting  b  ttmis  with  the  controller  shaft. 

Fig.  55  shows  the  inside  of  the  lower  stationary  casting  a, 
containing  an  inner  row  of  notches  and  an  outer  row  of  stops. 
The  dog  b  is  attached  to  the  upper  casting  by  a  ball-and-socket 
joint  or  bearing,  and  is  so  mounted  that  its  lower  part  is  free  to 
swing  outwards  as  it  slides  along  the  inner  row  of  notches  on  a. 
In  the  position  of  the  dog  shown  in  Fig.  55  its  lower  end  has 
been  forced  outwards  by  one  of  the  inner  notches,  so  that  the 
side  of  the  straight  stem  of  the  dog  engages  with  one  of  the 
stops  in  the  outer  row.  This  action  blocks  further  forward 
movement  of  the  dog,  of  the  upper  casting,  and  of  the  controller 
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shaft  until  the  pressttre  of  the  motorman's  hand  is  released  from 
the  handle,  when  the  dog  swings  inwardly  by  gravity  through 
the  path  c,  thus  clearing  the  stop  and  allowing  the  handle  to  be 
turned  again  until  the  dog  engages  with  the  next  outer  stop. 


Pig.  54 

These  operations  are  repeated  for  each  notch  on  the  controller. 
The  number  of  stops  on  the  automotoneer  is  such  that  its 
notching  movement  corresponds  to  that  of  the  controller  on 
which  it  is  mounted.  The  handle  must  therefore  be  advanced 
in  a  series  of  alternating  steps  and  pauses,  which  is  precisely 


Pig.  55 


the  method  necessary  for  proper  acceleration  of  the  motor 
speed.  The  controller  can  be  thrown  to  oS  position  as  quickly 
as  desired,  for  the  dog  will  then  assimie  an  inclined  position  and 
slide  over  the  stops  and  the  notches  on  the  stationary  casting. 
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The  upper  and  lower  castings  are  locked  together  by  means 
of  a  ring  of  balls  placed  between  them.  Half  of  the  ball  race 
is  cut  in  a  boss  on  the  upper  casting  and  half  on  the  lower 
casting.  Steel  balls  which  are  poured  into  this  raceway  when 
the  parts  are  in  position  while  allowing  rotation  of  the  upper 
casting,  prevent  its  removal. 


BUZZER    AND    BELL   dRCUITS 

48.  Fig.  56  shows  the  connections  of  buzzers  a  and  beUs  b 
on  a  center-entrance  car.  The  current  for  the  two  circuits  is 
obtained  from  the  trolley  through  a  switch,  a  fuse,  and  a  resistor. 
Twenty  push  buttons  are  connected  to  the  buzzer  circuit.    The 
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Fig.  56 

passenger  may  signal  for  a  stop  by  pressing  any  one  of  these 
buttons,  and  both  buzzers,  which  are  in  series,  will  operate. 
The  bell  circuit  is  for  the  use  of  the  motorman  and  the 
conductor.  If  button  c  or  d  is  pressed,  bell  6  on  the  right 
operates;  if  button  e  or  f  is  pressed,  bell  b  on  the  left  operates. 
Single-stroke  bells  are  used  and  the  ordinary  one-,  two-,  or 
three-bell  signals  may  be  given. 
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DOOB-OPEBATINO    CmCUFDB 

49#  Fig.  57  shows  the  electric 
circuits  for  the  operating  magnets 
that  control  the  valves  of  the  air 
cylinders  used  to  open  and  close 
the  two  double  doors  on  some 
center-entrance  cars. 

The  magnets  are  energized  by 
the  trolley  current.  The  circuit  of 
the  magnets  a  for  opening  the 
doors  can  be  completed  only  when 
a  push  button  is  pressed  and  re- 
lay contacts  c  are  closed,  which 
occurs  only  when  there  is  no  car 
movement.  The  circuit  of  the 
magnets  6  for  closing  the  doors 
can  be  completed  at  any  time  by 
pressing  another  push  button. 

While  the  car  is  running  and 
the  motor  circuit  is  complete  from 
the  trolley  to  ground,  main  switch 
No,  6  is  closed  and  its  interlock  is 
open.  Relay  coil  d  then  receives 
current  through  a  resistor,  and 
contacts  c  are  kept  open.  When 
the  motor  circuit  is  opened,  main 
switch  No,  6  opens  and  its  inter- 
lock closes.  As  long  as  the  car 
continues  to  coast,  relay  coil  d  re- 
ceives current  due  to  the  electro- 
motive force  generated  by  the 
armature  of  No,  2  motor  rotating 
in  a  residual  flux.  Thus  contacts  c 
remain  open  until  the  car  stops, 
and  only  then  can  the  doors  be 
opened.  The  No,  5  interlock  and 
the  switch  for  the  c  contacts  are 


266—19 


Digiti 


ized  by  Google 


38 


ELECTRIC-CAR  EQUIPMENT 


;22 


JO/CfMlf 


shown  in  the  positions 
assumed  when  the  car 
has  ^topped.  The  ref- 
erence letters  and 
numbers  shown  near 
the  motor  circuit  re- 
late to  the  various 
parts  of  a  car-wiring 
diagram,  which  sub- 
ject is  treated  in 
another  Section. 
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DOOB-SIONAL   LAMPS 

50.  Fig.  58  shows 
the  wiring  diagram  for 
signal  lamps  that  in- 
dicate whether  or  not 
the  car  doors  are 
closed,  and  for  the  de- 
vices that  make  it 
impossible  to  start  the 
car  until  the  doors 
are  closed.  By  means 
of  a  double-throw 
switch  a,  both  these 
features  can  be  made 
inoperative. 

With  switch  a  in  its 
upper  position,  cur- 
rent for  operating  the 
master  controllers 
must  pass  through  the 
relay  contacts  6,  and 
with  the  switch  in  its 
lower  position,  these 
contacts  are  out  of 
circuit.    The    relay 
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contacts  are  closed  only  when  coil  c  is  energized,  and  this 
occurs  only  when  all  of  the  door  switches  d  are  closed. 

Two-way  switches  e  and  /  serve  to  make  the  signal  lamps  at 
either  end  operative.  If  the  doors  are  closed,  with  the  switch  a 
in  the  position  shown,  a  circtait  is  completed  through  switch  a- 
fuse-e-coil  c-foiu*  door  switches  d-/-signal  lamps  at  the 
right-C  By  turning  the  signal-lamp  switches  e  and  /,  the 
signal  lamps  at  the  other  end  of  the  car  can  be  used. 

A  resistor  in  series  with  one  signal  lamp  of  each  pair  makes 
the  brightness  of  the  two  lamps  differ  and  helps  to  insure 
against  failure  by  btuning  out  of  both  lamps  simultaneously. 


BEOISrrER-RINOINO    DEVICE 

61«  Fig.  59  shows  the  wiring  plan  for  an  electrically  operated 
cash  r^;ister.  When  the  push  button  a,  placed  on  a  pedestal 
near  the  conductor's  w£^ 

station,  is  pressed,  the  /^     *^ 

operating  coil  b  within  j^rro//ey  .  s^ — © — '"T^'i.f'^'j) 
the  register  rings  the  sig-  ^  \L^— w/ 

nal  bell  and  rotates  the  ^''''  ^®  ^ 

counting  mechanism.  If  the  button  is  held  down  a  device  c  in 
the  register  automatically  opens  and  closes  the  circuit,  repeat- 
ing the  signal  and  registering  any  desired  number  of  fares. 


CAB   SIGNS 

52.  The  main  requirements  of  a  good  car  sign  are  that  it  is 
always  readable,  indicates  many  destinations,  is  easily  changed, 
and  is  dtarable.  Fig.  60  (a)  and  (6)  shows  the  general  features 
of  a  car  sign  of  the  curtain  type  that  with  slight  modifications 
may  be  mounted  on  the  hood,  the  dash,  or  the  side  of  the  car. 
Light  in  the  rear  of  the  curtain  makes  the  letters  readable  from 
the  outside  of  the  car.  For  side  installation,  the  car  lamps 
will  usually  provide  sufficient  illumination.  For  car-end  instal- 
lation where  direct  light  from  the  car  is  not  available,  lamps 
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within  the  sign  case  are  usually  employed.    An  indicatca:  near 
the  handle  of  the  sign-rotating  mechanism,  or  lettering  on  the 


Fig.  60 


back  of  the  curtain,  used  in  connection  with  a  pointer,  shows 
what  sign  is  exposed  and  if  it  is  centered. 


INSTALLATION    OF   CAR    WIRES 

53.  The  wires  installed  on  a  car  may  be  divided  into  two 
groups:  those  connecting  the  devices  of  the  motor  circuit,  such 
as  trolleys,  car  motors,  controllers,  rheostats,  circuit-breakers, 
lightning  arresters,  etc.,  and  those  connecting  the  devices  of 
the  lighting,  heating,  and  auxiliary  circuits  and  referred  to 
independently  as  light  wiring,  heater  wiring,  signal  wiring,  etc. 

Car  wires  have  been  installed  in  canvas  hose,  wooden  mold- 
ing, or  pressed  boards  made  of  insulating  material.  Oh  modem 
equipments  of  the  best  type,  however,  iron  conduits  are  exten- 
sively used.  With  platform  controllers  that  handle  main-motor 
current,  the  motor  and  rheostat  wires  are  carried  from  one 
controller  to  the  other  either  in  one  pipe,  which  nms  down  the 
center  of  the  under  side  of  the  car  between  the  two  center  sills, 
or  in  two  pipes,  one  on  each  side  of  the  car.  In  either  case  the 
taps  from  the  wires  are  taken  out  through  condulets.  All  trolley 
and  ground  wires  and  their  taps  are  best  run  in  separate  pipes 
to  lessen  damage  that  may  occur  from  lightning  discharges. 
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In  cars  eqiaipped  for  the  multiple-tinit  system  of  control,  the 
small  control  wires  from  the  master  controller  to  the  box  con- 
taining the  motor  switches  are  drawn  into  a  single  conduit. 
The  group  of  main  wires  from  each  motor  to  the  switch  box  are 
included  in  single  conduits.  Other  conduits  are  provided  for 
the  heater,  lighting,  and  signal  wires. 

54.  In  order  to  limit  the  effect  of  self-induction  when 
alternating  current  is  employed,  some  form  of  non-metallic 
conduit  should  be  used  when  only  a  single  wire  is  installed; 
but  if  a  metal  conduit  is  used  both  sides  of  a  circuit  must  be 
installed  within  it.  If  a  metal  conduit  should  be  used  for  a 
single  wire  carrying  an  alternating  current,  and  the  conduit 
touches  any  metal  portions  of  the  car  in  such  manner  as  to 
form  a  closed  circuit,  the  conduit  may  act  as  the  secondary  of 
a  transformer,  the  primary  of  which  is  the  single  wire.  The 
conduit  may  thus  be  heated  and  injure  the  insulation  of  the 
enclosed  wire.  Care  should  be  taken,  if  alternating  current  is 
used,  to  prevent  a  closed  circuit  of  piping,  even  if  the  wires  of 
both  sides  of  the  circuit  are  installed  in  the  conduit.  The  metal 
conduit  is  grounded  so  that  if  a  wire  within  the  pipe  comes 
in  contact  with  it,  the  fuse  protecting  that  circuit  will  blow. 

56.  The  "National  Electrical  Code,"  issued  by  the  National 
Board  of  Fire  Underwriters,  contains  rules  relating  to  the 
installation  of  car  wiring.  These  rules  are  subject  to  revision 
and  the  latest  edition  of  the  "Code**  should  be  consulted  by 
any  one  having  charge  of  car  wiring. 

56.  The  current  used  in  determining  the  size  of  motor, 
trolley,  and  resistance  leads  is  taken  as  a  percentage  of  the 
full-load  current  required  by  the  motors,  based  on  1  hour's  run. 
Table  I  shows  percentages.    The  full-load  current  is  equal  to 

^_746XnX//.P. 
EXa 
in  which  n= number  of  motors; 

//. P. = horsepower  of  each  motor; 
£= line  voltage; 
a=efl5ciency,  expressed  decimally,  of  geared  motors. 
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For  estimating  current  in  order  to  select  conductors,  the 
approximate  efficiency  of  the  motors  with  gears  may  be  assumed 
to  be  85  per  cent. 

Table  II  indicates  the  safe  carrying  capacity  of  rubber- 
covered  wires. 

TABLE  I 
PERCENTAGE    OF    FULL-LOAB    CURRENT    IN    LEADS 


Size  of  Each 

Motor 
Horsepower 

Motor  Leads 
Per  Cent. 

Trolley  Leads 
Per  Cent. 

Resistance 

Leads 
Per  Cent. 

75  or  less 
Over  75 

50 
45 

40 
35 

15 
15 

TABLE  n 
ALLOWABLE    CARRYING    CAPACITIES    OF    WIRES 


B.  &  S.  Gauge 

Current 
Amperes 

Size  of  Wires 
Circular  Mils 

8 

35 

16,510 

6 

50 

26,250 

5 

55 

33»ioo 

4 

70 

41,740 

3 

80 

52,630 

2 

90 

66,370 

I 

100 

83,690 

0 

125 

105,500 

00 

150 

i33»ioo 

000 

175 

167,800 

0000 

225 

211,600 

Example. — Determine  the  size  of:  (a)  trolley  leads,  and  (b)  motor 
leads  to  be  used  with  an  equipment  of  four  50-horsepower  motors,  the  line 
voltage  being  500  ^d  the  efficiency  of  the  motors  with  gears  86  per  cent. 

Solution.— (a)  In  the  formula,  «  =  4,  H.  P. =50,  £=600,  and  a =.86; 
then  f 


,    74^X4X50    ^^, 

/= — =  351  amp. 

500  X. 85  ^ 
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From  Table  I,  the  size  of  the  trolley  leads  is  based  on  40  per  cent,  of  the 
full-load  current  361  amp.,  or  351 X. 4 =140  amp.  From  Table  II,  the 
safe  size  of  wire  for  140  amp.  is  No.  00  B.  &  S.,  having  a  cross-section  of 
133,100  cir.  mils.    Ans. 

(fii)  The  approximate  full-load  current  for  each  motor  is  one-fourth  of 
351  amp.,  or  88  amp.  From  Table  I,  Motor  Leads,  50  per  cent,  of  88  amp. 
is  44  amp. ;  from  Table  II,  the  wire  to  be  used  is  No.  6  B.  &  S.    Ans. 


COMBINED   FABB   BOX    AND   REOI£rrEB 

67.  Many  devices  have  been  developed  for  the  purpose 
of  receiving  and  counting  the  money,  tickets,  and  transfers 
delivered  by  the  passengers.  Fig.  61 
shows  one  type  of  combined  fare  box 
and  register.  The  hopper  is  mounted 
above  the  coin-examination  box  and 
has  separate  openings  for  coins  and 
for  tickets.  The  coins  are  deposited 
through  a  series  of  perforations  and 
fall  through  a  channel  into  the  glass 
enclosed  examination  box.  They  then 
pass  through  the  counting  mechanism 
into  the  cash  drawer,  from  which  they 
may  be  removed  by  the  conductor  for 
making  change.  The  insertion  of  a 
ticket  through  a  separate  slot  moves 
a  trigger  that  makes  an  electric  contact 
and  causes  inked  rollers  to  cancel  the 
ticket,  which  is  then  deposited  in  the 
ticket  box.  The  cranks  shown  at 
the  right  serve  to  operate  the  releasing 
and  registering  mechanism. 

58.  In  some  systems  of  fare  col- 
lection, an  ordinary  register  is  used 
in  comiection  with  a  fare  box.     The 

fare  box  records  the  cash  fares  and  cancels  the  tickets  and 
the  register  records  the  total  nimiber  of  fares  of  all  kinds. 
The  difference  between  the  total  niunber  of   fares  on   the 
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ordinary  register  and  the  stim  of  the  canceled  tickets  in  the  fare 
box  and  the  transfers  taken  by  the  conductor  must  be  the 
number  of  cash  fares.  

SAND    BOXES 

59.    Lever-Operated. — Application   of  sand   to   the  rail 


Pio.  62 

will,  under  some  conditions,  greatly  increase  the  friction  between 
the  drivers  and  rails  and  thus  aid  the  car  to  climb  a  grade, 

control  the  speed  when  descending 
a  hill,  and  lessen  the  time  taken  to 
bring  the  car  to  a  full  stop. 

Fig.  62  shows  one  type  of  sand 
box  that  may  be  operated  through 
levers  moved  by  hand  or  foot. 

Fig.  63  illustrates  the  method  of 
releasing  the  sand.  A  rocker  cast- 
ing a  when  in  normal  position  is 
below  the  mouth  of  the  sand  hop- 
per b.  On  pouring  sand  into  the 
box,  the  rocker  casting  is  first  filled 
and  this  sand  blocks  the  mouth  of  the  hopper  which  may  then 
be  filled.    To  operate  the  box,  the  rocker  casting  is  swung  to 


Fig.  63 
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one  side  and  the  sand  pours  through  the  pipe  leading  to  the 
rail  in  front  of  the  drivers. 

60.  Air-Operated. — Sand  boxes  on  cars  equipped  with 
air  brakes  may  be  operated  by  aa  air  blast  directed  on  the  sand 
in  a  trap  attached  to 
the  lower  part  of  the 
hopper. 

Fig.  64  shows  the 
trap  portion  of  an  air- 
operated  sand  box. 
Pipe  a  is  connected 
to  the  air-brake  sys- 
tem of  the  car.  The 
lower  part  of  trap  b  is  nearly  filled  with  sand  which  normally 
blocks  the  flow  of  sand  from  the  hopper.  When  the  box  is  to. 
be  operated,  a  valve  in  pipe  a  is  opened  and  a  jet  of  air  blows  the 
sand  from  the  lower  portion  of  the  trap  through  the  sand  pipe 
and  on  to  the  rail.  While  the  air  blast  continues,  the  sand  will 
flow  from  the  hopper  to  the  trap  and  then  to  the  rail. 


Pig.  64 


AIB   GONOS 

61.    Fig.  65  indicates  a  method  of  operating  a  platform 
signal  gong  by  air  as  well  as  by  the  usual  foot-lever.    The 

mechanism    for    foot 
operation  is  shown 
at  a.    When  the  but- 
ton, which  projects 
slightly  above  the 
floor  of  the  platform, 
is  depressed,  the  ham- 
mer strikes  the  gong. 
The  pneumatic  part 
fc  is  a  D-shaped  casting 
which  forms  a  raceway 
for  a  steel  ball.    When 
air  is  admitted,  the  ball  is  driven  around  the  raceway,  the 
upper  end  of  which  is  cut  away,  so  that  the  ball  hits  the  gong. 


Fig.  05 
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Fig/  66  indicates  the  piping  connections  for  a  foot-operated 
air  valve  to  a  gong.    A  double  air  valve  may  be  tised  in  a 


Fic.  66 


similar  manner  for  the  operation  of  the  sand  box  in  combination 
with  either  a  whistle  or  a  signal  gong. 


TRACK    8CBAPEBS 

62.    The  purpose  of  track  scrapers  is  to  keep  the  rails  clear 
of  snow  tmtil  the  sweeper  cars  get  into  action.    Fig.  67  shows 
one  type  of  scraper  the  plates  of  which  are  spring-supported 
and  may  be  forced  into  contact  with  the  rails  by  a  hand- 
operated  shaft  or  by 
compressed    air. 
Scrapers  may  be  in- 
stalled at  one  or  both 
ends  of  the  cars,  to 
conform  to  service  re- 
quirements. 


CAR    BODIES 

63.    Car    bodies 
are  made  in  a   very 
large  variety  of  styles 
^^^'  ®^  to  conform  to  operat- 

ing conditions.  Body  lengths  range  from  18  to  80  feet,  and 
the  construction  may  be  open  for  summer  service,  closed  for 
winter  service,  or  semiconvertible  for  use  throughout  the  year. 
The  modem  tendency  in  body  design  is  to  reduce  the  weight 
of  the  cars  per  seated  passenger,  install  ball  or  roller  bear- 
ings, shape  the  ends  of  the  bodies  to  lessen  air  resistance,  and 
otherwise  to  reduce  to  a  minimum  the  energy  required  for 
operation. 
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Car  bodies  over  20  or 
22  feet  in  length  are  usu- 
ally equipped  with  double 
)  trucks  because  a  long 
rigid  single  truck  will  not 
readily  pass  around  curves 
;       at  street  comers. 

If  a  semiconvertible  car 
body  is  used,  the  trucks 
and  motor  equipment  re- 
main with  the  body  during 
winter  and  summer,  thus 
obviating  the* necessity  of 
keeping  both  closed  and 
open  car  bodies  and  the 
labor  of  changing  the 
motor  equipment  from  one 
to  the  other  twice  a  year. 
S  In  some  semiconvertible 
^  bodies,  the  window  sashes 
during  the  summer  can  be 
pushed  into  pockets  in  the 
car  roof.  In  other  cases, 
the  window  panes  are  re- 
moved and  stored;  heavy 
curtains  then  protect  the 
passengers  from  rain.  In 
either  case  plenty  of  ven- 
tilation is  secured. 

64.  Car  bodies  of  the 
type  shown  in .  Fig.  68, 
have  platforms  arranged 
for  the  entrance  and  exit 
of  passengers  by  different 
routes  and  are  used  where 
the  prepayment  system  of 
fare  collection  is  employed. 
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This  system  of  construc- 
tion and  collection  tends 
to  diminish  the  number 
of  accidents,  since  the 
passengers  leave  and  en- 
ter within  view  of  either 
the  conductor  or  the 
motorman. 

Center-entrance  car 
bodies  are  sometimes 
used  and  where  the 
traffic  is  very  heavy, 
double  decks  are  some- 
times provided,  thus 
greatly  increasing  the 
seating  capacity  of  the 
cars.  One  type  of 
double-deck,  stepless, 
S  center-entrance  car  is  ^ 
^  shown  in  Fig.  69. 

In  some  railroad  sys- 
tems, light-weight  cars 
without  motor  equip- 
ment, called  trailer  cars, 
are  coupled  to  the  rear 
ends  of  the  regular  cars 
during  rush  hours.  As 
soon  as  the  traffic  lessens, 
the  trailers  are  discon- 
nected and  the  motor 
cars  continue  in  service. 

The  seating  arrange- 
ments are  varied.  Some 
car  bodies  are  intended 
for  cross-seats,  some  for 
lengthwise  seats,  and 
others  for  a  combination 
ofthetwoseatingsystems. 
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TRUCKS 

65«  Classification  of  Trucks. 
A  truck  may  be  defined  as  a  set  of 
wheels  in  a  framework  designed  to  sup- 
port the  whole  or  part  of  the  weight  of 
a  car  body  and  equipment.  The  main 
requirements  of  a  good  truck  are  that  it 
is  easy  riding,  durable,  of  simple  con- 
struction, the  wearing  parts  are  easily 
renewable,  and  the  main  members  can- 
not be  distorted  under  service  condi- 
tions. The  trucks  should  be  self-con- 
tained, that  is,  one  framework  must 
include  the  wheels  and  axles,  the  brakes, 
the  motors,  and  the  driving  gear. 

Trucks  may  be  divided  into  two  gen- 
eral types  of  construction:  The  single, 
or  rigid  truck,  in  which  the  car  body  is 
bolted  to  sides  of  the  truck  framework; 
and  the  smveling  truck,  two  of  which  are 
required  per  car;  the  ends  of  the  car- 
are  then  supported  through  bearings 
placed  at  or  near  the  center  of  each 
truck.  The  latter  type  may  be  subdi- 
vided into  the  ordinary  truck  and  the 
maximum-traction  truck. 

The  rigid  truck  and  the  ordinary  truck 
have  four  wheels  of  equal  size  and  may 
carry  one  or  two  motors  each.  The 
maximimi-traction  truck  has  two  large 
and  two  small  wheels  and  carries  only 
one  motor,  which  is  geared  to  the  axle 
with  the  large  wheels.  The  bearing  of 
this  truck  is  not  in  the  center,  but  is 
so  placed  that  about  70  per  cent,  of 
the  weight  supported  by  the  truck  rests 
on  the  large  driving  wheels.    The  weight 
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on  the  small  wheels  is  sufficient  to  keep  them  on  the  rails  as  the 
car  is  rounding  a  curve. 

66.  Experiments  have  shown  that  for  a  given  car  weight, 
maximum-traction  trucks  require  less  energy  expenditure  than 
rigid  trucks  with  a  7-foot  wheel  base.  The  wheel  base  is  the 
distance  between  the  point  of  contact  of  the  forward  wheel  of 
a  rigid  truck  with  the  rail  and  the  corresponding  contact  point 
for  the  rear  wheel  of  the  truck  on  the  same  rail.  The  rigid 
truck  is  more  apt  to  bind  on  curves  than  the  maximimi-traction 
truck  with  its  shorter  wheel  base. 

The  ordinary  truck  with  one  motor  has  the  disadvantage 
that  the  driving  power  is  all  exerted  from  one  axle,  while  the 


Fig.  71 

weight  that  limits  tractive  effort  rests  on  two  axles.  The 
result  is  that  the  drivers  tend  to  spin  when  heavy  duty  is 
impressed  on  the  motors  because  the  friction  between  the 
drivers  and  the  rails  is  not  sufficient  to  prevent  wheel  slipping. 
When  a  smaller  motor  is  put  on  each  axle  of  the  truck,  spinning 
is  less  likely  to  occur. 

Large  cars  for  interurban  service  are  usually  of  the  double- 
truck  type.  Li  some  cases  one  truck  is  designed  to  support 
two  motors  and  the  other  truck,  which  is  of  much  lighter  con- 
struction, is  not  equipped  with  the  motors.  For  heavy  service 
a  motor  is  usually  installed  on  each  axle  of  both  trucks. 

67.  Types  of  Trucks.-r-Fig.  70  shows  one  type  of  single, 
or  rigid,  truck,  Fig.   71   an   ordinary  truck,   and  Fig.   72  a 
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maximum-trafction  truck.    On  a  single-truck  car,  the  car  body 
is  bolted  to  the  upper  framework  of  the  truck.    Trucks  for 


Fic.  72 

double-truck  cars  are  attached  to  the  car  body  by  means  of 
bearings  placed  at  or  near  the  center  of  the  trucks,  and  king  pins 
arotmd  which  the  trucks  may  turn  as  the  car  passes  around  a 
curve. 

68.    Fig.  73  shows  a  type  of  center  bearing  employing  balls 
to  lessen  the  friction.    The  upper  member  is  mounted  on  the 
car  body,  the  lower  member  on  the  truck.    Part  of  the  car 
weight  is  sustained  and  the  car  body  kept  balanced  by  rub 
plates,  or  side  bearings,  which  are  circular  bronze  plates,  one 
set  mounted  on  the  truck  and  a  similar  set  on  the  car  body. 
These  plates  are  kept 
well  lubricated.    The 
upper  member  of  the 
center  ball   bearing 
and    the    upper    rub 
plates   are  shown  in 
position  underneath  a 
car  body  in  Fig.  74. 

A  car  body  mounted 
on  two  trucks  sits 
higher  above  the  rail 
than  a  closed  car  body 

using  only  one  truck  because  the  wheels  on  a  double-truck  car 
must  dear  the  body  when  the  trucks  turn  arotmd  their  king 
pins  as  occurs  when  the  car  is  on  a  curve. 
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69.  Axle  Bearings. — ¥ig,  75  shows  one  form  of  bearing 
construction  tised  on  rigid  trucks.  The  bearing  surface  at  the 
end  of  the  axle  on  which  the  wheels  are  mounted  is  shown  at  a, 
the  bearing  brass  at  fc,  and  the  box  casting  at  c.    The  weight 


Fic.74 

resting  on  the  truck  transmits  pressure  through  the  spring  s, 
held  in  a  socket  of  frame  /,  to  the  box  casting  and  the  bearing 
brass.  Since  the  presstire  is  always  downwards,  the  bearing 
brass  extends  only  part  way  aroimd  the  shaft. 

If  the  piece  d  is  removed  the  frame  may  be  lifted  dear  of  the 


Fig.  76 


axle  and  bearing  casting.    The  axle  is  lubricated  by  oil-soaked 
waste  g  placed  in  the  lower  part  of  the  bearing  casting. 

70.    Wheel  Bearings. — ^Fig.  76  shows  a  roller  bearing  for  a 
car  wheel  that  rotates  on  a  fixed  axle.    The  vertical  stress  is 
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carried  by  rollers  a  turning  on  a  sleeve  6  on  the  axle;  the  end 
thnist  is  taken  up  by  ball  bearing  c.  The  rollers  and  balls  are 
carried  in  retainers. 


LENGTH   OF   WHEEL   BASE 

71.  The  wheel  base  should  be  long  enough  to  support 
the  car  body  so  as  to  prevent  excessive  oscillation  of  the 
car,  but  its  length  should  not  cause  the  wheels  to  bind 
on  the  shorter  track  curves.  A  car  body  that  demands  a 
wheel  base  exceeding  8  feet  should  be  provided  with  double 
trucks.  A  car  having  an  excessive  wheel  base  requires  con- 
siderable energy  to  pass  arotmd  curves  of  short  radius, 
and  caus^  excessive  wear  of  rails  and  wheels.  On  curves  of 
longer  radius  the  energy  requirements  and  the  wear  are  greatly 
lessened. 

To  enable  cars  to  round  curves  with  the  least  effort  and  to 
save  the  wheels  and  rails,  guard-rail  flanges  at  curves  should  be 
kept  clean  and  well  greased.  In  laying  out  a  road,  all  the 
curves  should  be  made  of  as  long  a  radius  as  possible  and  when 
purchasing  trucks  for  an  existing  road,  the  radii  of  the  curves 
should  be  considered. 

72.  Wheels. — ^The  wheels  used  on  electric  cars  vary  from 
30  to  36  inches  in  diameter;  on  ordinary  street  cars,  the  diam- 
eters are  usually  from  30  to  33  inches.  Somewhat  larger  wheels 
must  be  used  for  heavy  work,  so  as  to  give  more  clearance  for 
the  motors;  therefore,  diameters  of  33  to  36  inches  are  quite 
common.  For  light  cars  operating  at  low  speed,  cast-iron 
wheels  with  chilled  treads  are  sometimes  employed.  For  high- 
speed interurban  work  and  for  heavy  city  traffic  at  low  speed,  a 
wheel  provided  with  a  tire  made  of  rolled  open-hearth  steel  is 
often  used. 

The  tire  can  be  fastened  to  the  cast-iron  center  by  bolts,  or 
retaining  rings,  but  the  usual  method  in  wheels  for  electric  cars 
is  to  fuse  or  cast-weld  the  tire  to  the  center.  The  tire  is  heated, 
placed  in  the  mold,  and  the  iron  cejiter  poured;  tlie  melted  iron 
fuses  the  tire  and  a  perfect  joint  between  the  two  results.  The 
main  advantages  of  steel-tired  wheels  that  compensate  for  their 
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high   cost   as   compared   with   chilled   cast-iron   wheels   are: 

(1)  Greater  strength  and  seciirity;  these  wheels  are  not  ^kely 
to  fly  in  pieces,  however  high  the  speed  may  be  or  however 
severe  the  stresses  due  to  rough  track  or  very  cold  weather. 

(2)  They  are  much  less  liable  to  develop  flat  spots.  (3)  They 
are  less  liable  to  slip,  since  the  wrought  steel  tire  has,  with  the 
steel  rail,  a  much  higher  coefficient  of  friction  than  a  chilled 
cast-iron  wheel  and  the  action  of  the  brakes  is  more  effective. 


(«) 


Pig.  77 


(*) 


(4)  They  avoid  trouble  due  to  chipped  or  to  broken  flanges. 

(5)  The  rim  can  be  made  thick  so  that  the  wheel  will  wear  a 
long  time  before  becoming  imsafe;  with  chilled  wheels  the  depth 
of  chilled  metal  is  limited. 

Fig.  77  shows  sections  of  two  fused  steel-tired  wheels;  view  (a) 
is  a  30-inch  wheel  weighing  650  pounds,  used  on  trail  cars  for 
an  elevated  road;  view  (b)  is  a  34-inch  wheel,  weighing  688 
pounds,  for  an  interurban  road. 
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On  the  treads  and  flanges  of  the  wheels  depends  greatly  the 
ease  with  which  a  car  will  take  a  curve.  The  treads  should 
not  be  so  wide  that  they  run  on  the  paving  outside  of  the  track, 
and  the  shape,  depth,  and  width  of  the  wheel  flange  should  be 
governed  by  the  corresponding  dimensions  of  the  rail  groove. 


CAR  HOUSE 

73.  The  cap  house,  or  car  bam,  is  a  building  used  for 
storing  cars  that  are  not  in  use,  for  inspection,  and  for  minor 
repairs.  Storage  under  cover  is  usually  provided  only  for 
cars  that  are  not  in  regular  commission.  A  car  fitted  to  operate 
all  day  in  all  kinds  of  weather  requires  ho  shelter  over  night, 
especially,  when  storage  room  is  expensive.  Where  practicable, 
car-bam  tracks  should  be  far  enough  apart  to  admit  of  easy 
passage  between  rows  of  cars,  and  if  the  light  in  the  aisles  is 
good  the  labor  and  time  required  to  change  equipment  at  the 
end  of  the  seasons  may  be  much  reduced. 

In  some  car  houses,  the  storage  room  may  be  all  on  one  floor; 
in  others,  as,  for  example,  in  New  York  City,  it  may  be  on  several 
floors,  as  the  cost  of  land  makes  any  other  arrangement  imprac- 
ticable. In  such  cases  the  cars  are  conveyed  to  the  upper  floors 
by  elevators  and  are  shifted  from  the  elevators  to  the  several 
storage,  inspection,  or  repair  tracks  by  transfer  tables.  Where 
cars  must  be  handled  by  elevators,  stripped,  out-of-season  car 
bodies  are  usually  stored  on  the  upper  floors,  where  they  may 
be  supported  on  horses  or  barrels,  as  there  is  no  chance  for  the 
cars  to  be  run  out  in  case  of  fire.  Where  the  storage  room  is  on 
a  level  with  the  street,  the  car  bodies  should  be  supported  on 
temporary  trucks.  Where  possible,  every  storage  track  should 
lead  to  the  street.  In  some  car  houses,  the  tracks  are  graded 
toward  the  street,  so  that  the  cars  may  be  easily  run  out  in  case 
of  fire.  Sprinkler  systems,  the  efficiency  of  which  has  often 
been  demonstrated,  are  installed  in  all  modem  car  houses. 
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PIT  ROOM 

74.  For  inspection  of  trucks  and  motors,  pits  about  4  feet 
8  inches  deep  should  be  located  directly  under  the  tracks,  no 
pit  to  be  shorter  than  any  car  to  be  placed  over  it.  The  amount 
of  pit  room  to  be  silowed  per  car  depends  on  how  much  trouble 
the  equipments  give,  on  the  class  of  work  done  at  the  car  house, 
and  on  the  ability  of  the  car-house  organization  to  so  lay  out 
the  work  that  minimimi  pitting  time  per  car  is  realized.  A 
value  based  on  long  experience  tmder  varjdng  working  conditions 
with  different  equipments  and  different  track  layouts  is  1  linear 
foot  of  pit  room  for  each  car  that  runs  into  a  depot;  that  is,  to 
accommodate  two  hundred  cars,  a  car  house  should  have  pit 
room  under  at  least  200  feet  of  track.  This  allowance  would  be 
scant  for  a  car  house  full  of  crippled  cars;  but  it  is  liberal  where 
trucks  are  run  from  under  and  all  overhauling  is  done  above  the 
floor  line.  This  practice  is  popular  because  a  more  thorough 
job  can  be  done  when  all  parts  are  in  full  view  in  good  Ught. 

The  pits  should  have  cement  bottoms  with  natural  drainage; 
they  should  be  well  equipped  with  both  stationary  and  exten- 
sion lights.  The  floor  level  between  tracks  should  be  covered 
with  removable  boards.  Underneath  the  floor  line,  the  pit 
room  should  be  open  from  wall  to  wall.  A  couple  of  shelves 
and  a  row  of  small  bins  in  each  pit,  to  hold  bolts,  nuts,  and 
washers  of  the  commoner  sizes,  will  save  much  time.  If  the 
pits  are  arranged  for  heating  in  the  winter  and  for  cooling  in  the 
summer,  the  eflSciency  of  the  work  done  is  increased. 

The  well-equipped  pit  room  is  supplied  with  motor-  or  air- 
driven  dismantlers,  that  raise  the  car  body  from  the  trucks, 
which  may  then  be  run  to  their  destination  by  hand  or  by 
coimecting  the  motors  to  the  circuit  through  a  rheostat.  A 
pole  with  wire  attached  may  be  used  to  make  connection  with 
the  trolley  wire.  The  same  air  supply  may  be  employed  for 
blowing  out  motors  and  controllers,  and  for  operating  small 
air  lifts. 
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REPAIR  SHOP 

75.  All  heavy  repairs,  alterations,  and  manufacturing 
operations  pertaining  to  cars  should  be  made  in  the  repair 
shop.  A  well-appointed  repair  shop  includes  a  machine  shop, 
carpenter  shop,  mill,  blacksmith  shop,  paint  shop,  winding  room, 
commutator  room,  controller  room,  store  room,  external  oil 
room,  and  a  wheel-grinding  annex.  In  the  machine  shop,  all 
general  machine  work  is  done,  such  as  fitting  bearings,  turning 
commutators  and  shafts,  cutting  keyways,  recutting  bolts,  etc. 
In  the  winding  room,  field  coils,  armature  coils,  armatures,  heater 
coils,  governor  coils,  rheostats,  etc.  are  repaired  or  constructed. 
In  the  commutator  room,  the  parts  of  commutators  are  assem- 
bled and  the  finished  commutators  are  tested.  In  the  controller 
room,  controllers,  switches,  circuit-breakers,  brush  holders,  etc. 
are  repaired  and  assembled.  There  is  usually  work  enough 
on  small  roads  to  keep  one  blacksmith  and  helper  busy  on  brake 
rods,  levers,  hangers,  fenders,  trucks,  and  on  line,  track,  station, 
and  building  construction  work. 

The  shop  should  be  a  fireproof  structure  designed  to  afford 
maximum  cleanliness  and  light.  The  best  shops  are  so  laid 
out  that  a  car  can  progress  from  the  pit  room  to  and  through 
the  paint  shop  without  retracing  its  route.  The  ideal  arrange- 
ment is  to  separate  the  body  and  truck  in  the  pit  room,  send  the 
body  on  temporary  trucks  to  the  carpenter  shop,  and  to  lay 
out  all  repair  work  on  body  and  truck  so  that  they  can  be 
brought  together  and  the  car  as  a  whole  completed  and  tested 
before  running  it  into  the  paint  shop,  from  which  it  emerges 
ready  to  operate. 

MACHINE    SHOP 

76.  The  machine-shop  tools  should  be  placed  in  such  posi- 
tions that  there  will  be  good  light  on  the  work  and  also  to  occupy 
minimum  floor  space.  The  number  and  kind  of  machines 
depend  on  the  class  of  work.  Enough  macliines  should  be  pro- 
vided to  keep  up  with  the  work.  The  following  machines  would 
probably  be  required :    One  lathe  for  axles  with  wheels  mounted. 
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one  smaller  lathe  for  armatures  and  bearings,  one  speed  lathe, 
two  sizes  of  drill  press,  one  boring  mill,  one  metal  saw,  one  power 
saw,  one  planer,  one  shaper,  one  bolt  cutter  with  right-  and 
left-hand  dies,  one  milling  machine,  one  wheel  press,  one  axle 
straightener,  one  grindstone,  emery  wheels,  one  pxmch  press, 
one  ratchet  drill.  On  a  small  road  the  preceding  list  can  be 
considerably  modified  by  a  good  mechanic  who  knows  how  to 
do  almost  any  kind  of  work  on  almost  any  kind  of  machine 
available.  

WINDING    BOOH 

77.  Where  floor  space  is  limited,  the  winding  may  be  done 
in  a  gallery  built  around  the  wall  above  the  machine  shop ;  with 
this  disadvantage,  however,  that  heavy  parts  and  material 
must  be  elevated.  Winders  should  have  direct  window  light 
where  it  is  practicable.  For  a  road  operating  one  hundred  cars 
or  over,  from  6  to  8  square  feet  of  floor  space  per  car  should  be 
sufficient  winding  space.  For  a  small  road,  more  space  would 
be  required  per  car.  The  outfit  of  every  winding  room  in  which 
coils  are  made  and  installed  should  include  the  following :  One 
armature  banding  machine,  one  field-coil  winding  machine, 
armattu-e-coil  winding  machines,  taping  machines,  coil  forms 
for  each  type  of  armature  used  on  the  road;  brick-endosed  gas 
stove  for  heating  soldering  irons;  a  gasoline  stove  can  be  used  if 
the  tank  is  removed  to  a  safe  place;  device  for  taking  off  and 
pressing  on  commutators,  pinion  puller,  stands  for  armatures 
in  course  of  winding,  racks  for  completed  armattu'es,  racks  for 
insulation  stock,  insulation-cutting  machine,  coil-pressing 
machine,  glue  pots  to  melt  glue  for  holding  coil  papers  in  place, 
ample  facilities  for  dipping  coils  in  varnish  or  compound,  and  a 
good  oven,  tmless  air-drying  varnishes  are  used. 

The  winding  room  should  have  duplicate  substantial  patterns 
of  every  standard  piece  of  insulation  used;  one  set  should  be 
hung  in  a  convenient  place  and  duplicate  sets  should  be  stored 
in  a  fireproof  vault;  every  piece  should  be  clearly  and  indelibly 
marked.  Time  and  labor  are  saved  if  all  armatures  are  handled 
with  buggies  and  cranes.  The  journals  should  be  protected 
with  sleeves  of  fiber  or  of  paper. 
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COMMUTATOR   BOOM 

78.  The  commutator  room  should  be  in  the  care  of  a  good 
mechanic  who  imderstands  commutators.  It  should  contain  a 
lathe,  drill  press,  milling  machine,  and  oven  for  baking  the 
commutators.  If  it  is  the  practice  to  groove  commutator 
mica,  either  a  mica-grooving  machine  or  a  milling  machine 
adapted  to  that  work  should  be  provided.  The  commutator 
room  should  carry  a  full  line  of  mica  gauges  and  ring  and  plug 
gauges  used  to  fit  commutators  to  their  seats  on  the  armature 
shafts.  A  suitable  press,  for  subjecting  a  commutator  to 
external  pressure  while  tightening  it,  should  be  supplied  so  that 
the  job  can  be  done  without  twisting  the  commutator  bars  out 
of  alinement.  An  adequate  supply  of  assembly  rings  and  a  full 
line  of  wrenches  for  adjusting  them,  are  also  essential.  No 
emery  wheel  should  be  allowed  in  the  room,  because  particles 
of  emery  trapped  between  bars  cause  trouble.  The  com- 
mutator room  is  best  located  next  to  the  armature  room;  it 
should  be  enclosed  and  should  have  good  light  and  ventilation. 
A  reliable  test  for  locating  connections  between  bars  or  between 
a  bar  and  the  shell  should  be  installed. 


CONTBOLLEB   BOOM 

79.  The  controller  room  shotdd  be  located  where  the  dust 
incident  to  blowing  out  controllers,  wiU  not  reach  the  com- 
mutator room,  insulating  bench,  or  coil  winders;  adjacent  to 
the  machine  shop  is  a  good  place.  On  the  brush  controller 
holder  repair  bench  there  should  be  suitable  gauges  to  insure 
the  correctness  of  brush  holders  made  or  repaired. 


MILL    AND    CABPENTBB   SHOP 

80.  The  mill  is  the  room  in  which  the  wood-working 
machines  are  placed  and  the  carpenter  shop  is  where  the  cars  are 
run  in  for  general  body  repairs.  Both  rooms  may  be  within 
the  same  enclosure — the  mill  at  one  end  and  the  carpenter 
shop  at  the  other.    The  best  place  for  them  is  near  the  machine 
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shop,  pit  room,  and  paint  shop,  a  line  of  single  or  double  track 
running  through,  so  that  a  car  can  enter  at  one  end  of  the 
building  and  go  out  at  the  other.  In  the  mill  there  should  be 
a  planer,  boring  machine,  lathe,  band  saw,  circular  saw,  and 
grindstone.  

PAINT   SHOP 

81.  The  paint  shop  should  be  at  the  extreme  rear  of  the 
main  shop  and  should  have  free  access  to  the  street;  it  should 
be  provided  with  as  many  doors  on  the  street  side  as  there  are 
tracks,  so  that  in  case  of  fire  the  cars  can  be  run  out  without 
any  shifting  or  transferring.  The  paint  shop  should  receive 
only  cars  that  have  been  repaired  and  are  ready  to  run  on  the 
road  except  for  the  painting.  Each  track  in  the  shop  should 
have  a  trolley  wire  over  it,  the  whole  system  of  trolley  wires 
being  kept  cut  out  by  means  of  a  switch  except  when  they  are  to 
be  used.  Under  no  circumstances  should  the  car  bodies  be  set  on 
horses  or  barrels  in  the  paint  shop;  the  risk  of  fire  is  too  great. 
They  should  always  be  on  temporary  trucks,  and  where  possible, 
at  the  head  of  each  line  of  cars  should  be  a  car  fully  equipped,  so 
that  in  case  of  fire  they  can  be  coupled  together  and  towed  out 
of  danger.  Another  good  plan  is  to  have  the  tracks  down  grade 
out  of  the  house,  so  that  when  the  brakes  are  released  or  the 
chocks  removed  from  the  wheels,  the  cars  will  run  out  by 
gravity.  The  great  fire-risk  incidental  to  the  storage  of  so 
many  inflammable  materials,  oils,  varnishes,  etc.,  demands  an 
absolutely  fireproof  wall  between  the  paint  room  and  the  rest 
of  the  shop,  commimication  between  the  two  shops  being  only 
through  self-closing  fireproof  doors.  As  a  prime  precaution 
against  fire,  the  building  should  be  of  brick,  with  a  fireproof 
roof  and  a  cement  floor.  The  floor  should  be  graded  to  gratings 
that  lead  to  the  sewer  or  to  a  cesspool  and  the  roof  should  be 
designed  to  give  the  best  possible  light  and  ventilation.  All 
inflammable  materials  should  be  kept  in  a  small,  absolutely 
fireproof  room  that  will  admit  barrels,  etc.,  without  trucking 
them  the  entire  length  of  the  paint  shop.  The  question  of 
fire-risk  in  a  paint  shop  is  a  serious  one,  as  the  shop  is  generally 
full  of  cars  that  will  bum  quickly  if  once  started. 
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BLACKfflilTH    SHOP 

82.  The  blacksmith  shop  must  be  located  where  the  coal 
dust  and  gases  from  the  forges  caimot  reach  the  paint  shop. 
It  should  contain  at  least  two  forges,  anvils,  and  a  blower. 
One  forge  should  be  provided  with  an  ordinary  bellows  all  ready 
to  be  connected  on,  in  case  of  accident  to  the  blower  or  its  motor. 
Besides  the  usual  complement  of  forge  tools,  there  should  be 
a  machine  hammer,  shears,  and  a  drill  press. 


OBINDINO    ROOM 

83.  If  the  brakes  on  a  trolley  are  applied  too  hard  on  it  for 
any  reason  the  car  skids  along  the  track,  flat  spots,  or  flats, 
as  they  are  called,  are  found  on  the  tread  of  the  wheel.  These 
flats  cause  the  wheels  to  poimd  on  the  rails,  and  unless  they  are 
removed  by  grinding  or  a  new  wheel  put  on,  the 
trouble  is  likely  to  increase.  In  many  car 
wheels  of  cast  iron,  the  tread  is  chilled  in  the 
molding  so  that  the  iron  is  very  hard  to  a  depth 
of  f  or  i  inch.  If  the  wheel  is  worn  down  so 
that  the  chilled  portion  is  ground  through,  it 
is  useless,  as  the  soft  iron  under  the  chilled 
part  will  last  only  a  short  time.  Small  flats 
can  often  be  removed  by  substituting  for  the 
regular  brake  shoe  a  special  wheel-truing  shoe 
provided  with  emery,  carborundum,  or  similar 
abrasive.  , 

Fig.  78  shows  one  of  these  shoes;  it  simply 

replaces  the  regular  brake  shoe  and  in  the 

course    of    a   few   hours'    run    the    abrasive 

^^^'  ^^  blocks  a  grind  the  wheel  true.    A  bad  flat  is 

removed  by  a  regular  grinder,  which  is  a  device  for  holding  a 

revolving  emery  wheel  against  the  tread  of  the  wheel  to  be 

groimd.    The  wheels  may  be  ground  either  in  place  on  the  car 

or  separate  from  the  car.     The  better  practice  is  to  use  the 

car-wheel  grinder  at  one  of  the  depots,  if  the  wheels  are  to  be 

ground  on  the  car.    Where  the  wheels  are  taken  out  to  be 
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ground,  extra  means  must  be  provided  for  driving  the  axle; 
whereas,  if  grotmd  on  the  car,  one  of  the  car  motors  can  do  the 
work.  In  either  case,  the  car  wheels  should  make  from  20  to 
40  revolutions  per  minute,  and  the  speed  of  the  rim  of  the 
emery  wheels  should  be  about  6,000  feet  per  minute.  Steel- 
tired  wheels  are  trued  up  by  turning  in  a  lathe. 
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METHODS  OF  SPEED  CONTROL 


GENERAL  REMARKS 

1.  The  subject  of  speed  control  for  electric-railway  cars 
deals  with  the  methods  of  starting  cars  from  rest  and  controlling 
their  speed  while  in  motion.  Series  motors  are  usually  employed 
to  drive  the  cars,  and  change  of  motor  speed  is  obtained  by 
varying  the  voltage  impressed  across  the  motor  terminals.  A 
low  voltage  is  at  first  impressed  on  the  terminals  of  each  motor, 
and  its  armature  need  revolve  only  at  low  speed  in  order  to 
generate  suflBdent  counter  electromotive  force  to  limit  the 
motor  current  to  the  value  required  for  the  load  condition.  A 
higher  voltage  is  then  impressed  and  the  motor  speed  increases 
until  the  counter  electromotive  force  is  sufficient  to  limit  the 
motor  current  to  that  required  by  the  new  load  condition. 
Finally,  full  line  voltage  is  impressed  and  the  motor  runs  at 
maximum  speed  for  the  voltage  and  load  conditions,  provided 
the  field-coil  connections  remain  unchanged. 

The  three  methods  commonly  used  for  varying  the  voltage 
impressed  on  the  motors  are:  (1)  the  introduction  of  an  adjust- 
able rheostat,  or  resistor,  in  series  with  the  motors;  (2)  changing 
the  motors  from  series  to  parallel  connection  across  the  circuit 
combined  with  the  use  of  an  adjustable  resistor;  and  (3)  the 
connection  successively  of  the  motor  terminals  to  the  taps  of 
an  autotransformer.  The  first  two  methods  are  for  direct- 
current  and  the  last  for  alternating-current  operation. 
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RHEOSTATIC  CONTROL 

2«    Simple  Form  of  Controller. — ^The  switch  that  is 
generally  used  to  regulate  the  speed  of  an  electric  car  is  called 
a  controller,  and  in  most  cases  one  of  these  devices  is  installed 
at  each  end  of  the  car.    A  very  simple  form  of  rheostatic  con- 
troller is  shown  in  Fig.  1. 
An  iron  shaft  a  has 
projecting  from  it  lugs  6, 
on  which  are  mounted 
copper  segments  c.    The 
two  lower  segments  are 
of  the  same  length,  but 
the  others  are  of  differ- 
ent lengths.    The  shaft 
is    insulated    from    the 
handle  d  and  the  base  e 
by  insulating  couplings/. 
The  brusltes,  or  fingers, 
which,  when  the  shaft  is 
turned,    make    contacts 
with  the  segments,  are 
indicated  at  /?i,  /?»,  /?s, 
/?4,  and  m.    The  fingers 
marked  R  are  connected 
to  the  three  resistor  sec- 
tions.   The  trolley  con- 
nection   T  is   made   at 
finger  Ri,  and  the  motor 
connection   is  made  at 
finger  m.    The  motor  is 
grounded    at    G.     The 
dotted  lines  1,2,8^  and  4  indicate  the  relative  positions  of  the 
fingers  on  the  segments  when  the  segments  are  turned  into 
contact  with  the  fingers  on  the  first,  second,  third,  and  fourth 
notches  of  the  controller. 

The  off-position  is  indicated  in  Fig.  1.    The  circuit  is  open 
between  fingers  i^i  and  c  and  m  and  c.    At  notch  i,  fingers  R\ 
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and  m  are  in  contact  with  their  segments  c  and  as  all  of  the 
segments  are  connected  together  through  their  supporting 
lugs  and  the  shaft,  the  motor  circuit  is  closed  and  all  of  the 
resistor  is  active.  At  each  notch  a  separate  section  of  the 
resistor  is  short-circuited  by  the  segments  and  shaft  so  that  on 
notch  ^  all  of  the  resistor  is  short-circuited  and  this  is  a  running 
notch.  The  resistor  is  not  usually  intended  to  be  left  in  circuit ; 
therefore,  notches  1,  2,  and  S  are  not  running  notches. 

3.  Theory  of  Rheostatic  Control. — ^When  the  whole 
resistor  is  active,  a  considerable  part  of  the  line  voltage  is 
expended  in  forcing  current  through  the  resistor  and,  therefore, 
the  voltage  impressed  on  the  motor  is  low,  resulting  in  a  low 
speed.  As  the  sections  of  the  resistor  are  short-circuited,  a 
larger  part  of  the  line  voltage  is  impressed  on  the  terminals 
of  the  motor  and  its  speed  increases  accordingly.  At  the  run- 
ning notch,  practically  the  full  line  voltage  acts  on  the  motor 
and  its  speed  is  maximtun  under  given  voltage  and  load 
conditions. 

Speed  control  by  rheostat  alone  is  used  for  mine  locomotives, 
hoists,  cranes,  etc.,  but  not  usually  for  railway  cars. 


SERIES-PARALLEL  CYLINDER  CONTROL 


DISTRIBUTION    OP    VOLTAGE 

4.  Series-parallel  control  is  common  for  direct-current 
railway  work;  it  requires  less  resistance  and  is  more  eco- 
nomical than  rheostatic  control.  Two  or  four  motors  are 
generally  used  with  series  connections  for  low  speed  and  par- 
allel connections  for  high  speed,  thus  giving  the  name  series- 
parallel  control. 

For  example,  with  two  motors.  Fig.  2,  in  series  across  a 
500-volt  circuit,  the  pressure  across  each  motor  is  only  250  volts 
and  each  will  run  at  about  half  of  its  full  speed  without  resis- 
tance in  circuit.  For  higher  speed,  the  connections  are  changed 
from  series  to  parallel  by  means  of  the  controller,  thus  impressing 
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on  each  motor  500  volts,  as  indicated  in  Fig.  3,  and  resulting 
in  ftill  speed.    Some  resistance  is  used  in  starting  and  in  passing 
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from  series  to  parallel  connections,  but  no  resistance  is  in 
circuit  on  the  running  notch  of  the  series  or  parallel  position. 


fiEBIES-PARALLEL    CONTROLLER 

5.  In  Fig.  4  is  shown  a  type  of  controller  intended  to  control 
the  speed  of  two  motors  by  the  series-parallel  method.  The 
main  controller  shaft  a  supports  six  castings.  All  of  the  cast- 
ings are  insulated  from  the  shaft  and  from  one  another  and  all 
of  the  segments  on  each  casting  are  electrically  connected. 
The  cylinder  of  the  reverse  switch  h  carries  the  segments  used 
for  reversing  the  direction  of  rotation  of  the  motors.  The  row 
of  fingers  for  the  main  controller  segments  are  shown  below  c 
and  the  row  for  the  reverse  segments  below  d.  The  small  coils 
shown  below  e  are  blow-out  magnet  coils.  Their  action  is  to 
assist  in  breaking  the  arcs  that  tend  to  form  when  the  segments 
leave  the  fingers.    The  arc  forms  a  movable  current-carrying 


Digiti 


ized  by  Google 


§  23  SPEED  CONTROL  5 

conductor.  The  current  in  the  blow-out  coil  establishes  through 
iron  extension  plates  and  in  the  air  near  the  fingers  a  magnetic 
flux.  The  arc  conductor  moves  across  the  flux  and  the  arc  is 
blown  out  between  partitions  /,  called  arc  deflectors,  which  in 
their  running  position  partly  enclose  the  fingers.    The  parti- 


Fic.4 

tions  of  insulating  material  prevent  the  hot  gases  of  the  arc 
from  forming  short  circuits  across  adjacent  connections.  Cut- 
out switches  g  and  h  serve  to  cut  out  of  circuit  either  motor  in 
case  of  a  fatilt  in  one  motor. 

The  main  controller  shaft  should  take  up  a  defijiite  position 
corresponding  to  each  notch;  therefore,  a  device  is  provided, 
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usually  in  the  form  of  a  notched  wheel,  called  the  star  wheel, 
mounted  near  the  top  of  the  shaft.  The  star  wheel  turns  with 
the  shaft,  and  a  small  roller  is  drawn  by  a  spring  into  the  notches, 
making  the  movements  positive  and  definite. 

An  interiocking  device  prevents  the  reverse-switch  shaft 
from  being  turned  imless  the  main  shaft  is  at  off-position.  This 
prevents  reversing  the  motion  of  the  car  when  current  is  in  the 
motors.  The  reverse-switch  handle  i  cannot  be  removed  except 
at  the  off-position  of  the  reverse  switch,  at  which  position  the 
motor  circuit  is  open. 

When  the  reverse-switch  handle  points  ahead,  the  car  runs 
forwards,  and  when  it  points  back,  the  car  runs  backwards. 


CAB-WIRINO    DIAGRAM 

6.  Explanation  of  Marks  on  DJasram . — Fig.  5  shows  the 
connections  of  two  controllers  and  two  motors  for  series-parallel 
operation.  The  fingers  are  indicated  by  the  small  black  circles 
and  their  blow-out  coils  by  the  zigzag  lines  to  the  left  of  these 
circles;  the  segments,  by  the  black  rectangles;  the  controller 
castings,  each  of  which  supports  a  group  of  connected  segments, 
by  the  outline  rectangles  1,2,  3,  4,  6y  and  6\  and  the  positions 
of  the  fingers  for  the  controller  notches,  by  the  vertical  dotted 
lines.  These  motors  are  provided  with  conmiutating  poles, 
the  windings  of  which  are  not  indicated  in  Fig.  5,  and  have  taps 
Ml  and  M2  that  when  active  cut  out  portions  of  the  main  field 
windings,  thus  increasing  the  speed  of  the  motors.  The  cut-out 
switches  are  shown  at  the  right  of  the  upper  portion  of  the 
controller  and  the  reverse  switch  just  below. 

There  are  many  hundreds  of  wiring  diagrams  showing 
methods  for  the  speed  control  of  railway  cars.  It  is  the  purpose 
here,  however,  to  treat  only  of  the  general  principles  of  the 
different  methods  of  speed  control  and  to  familiarize  the  student 
with  the  usual  manner  of  representing  motor  and  controller 
connections  so  that  any  ordinary  wiring  diagram  may  be  read. 

7.  Controller  Steps. — Fig.  6  shows  in  detail  the  method  of 
tracing  the  circuits  of  a  car-wiring  diagram.    The  blow-out 
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§  23  SPEED  CONTROL  7 

coils,  fingers,  segments,  resistor,  field  coils  and  armatures  are 
represented  the  same  as  in  Fig.  5,  but  Fig.  6  shows  the  connections 
of  these  parts  on  the  successive  steps  of  the  controller.  The  stu- 
dent should  trace  each  path  on  Fig,  5  as  it  is  shewn  on  Fig,  6,  This 
is  important  in  order  to  gain  facility  in  tracing  wiring  diagrams. 

Any  digram  can  be  traced  in  this  manner  and  a  simple  schem- 
atic diagram  made  to  show  connections  on  each  step. 

For  example,  with  the  circuit-breaker  of  No.  1  controller, 
Fig.  5,  closed,  the  reverse  switch  in  forward  position,  the  cut- 
out switches  closed  to  the  left  and  the  drum  of  controller 
No.  1  turned  until  the  fingers  rest  on  the^r^^  series  step  1,  the 
current  path  is  as  shown  in  step  i,  Fig.  6.  Fingers  T  and  Rl 
rest  on  segments  of  casting  1 ;  fingers  +^  and  c  on  segments  of 
casting  S;  fingers  C2  and  FF2  on  segments  of  casting  5;  and 
fingers  CI  and  FFl  on  segments  of  casting  6,  The  armattu-es 
and  field  coils  of  both  motors  and  all  the  sections  of  the  resistor 
are  in  series,  as  shown  in  the  schematic  diagram,  Fig.  5,  and 
the  first  stepy  Fig.  6. 

On  the  second  series  step,  an  inspection  of  the  development  of 
the  controller  segments  shows  that  the  only  change  in  the 
segments  caused  by  the  movement  from  step  1  to  step  2  is  such 
that  finger  Rl  is  now  inactive  and  upper  finger  R£  is  active. 
One  resistor  section  is  cut  out,  since  the  current  can  pass  from 
finger  T  through  finger  R^toR^on  the  resistor. 

On  the  third  series  step,  the  change  in  segments  is  such  as  to 
make  finger  R^  inactive  and  finger  RS  active.  Finger  T  is 
now  connected  through  finger  R3  to  R3  on  the  resistor  and 
there  is  only  one  section  of  the  resistor  in  circuit. 

On  the  fourth  series  step,  which  is  the  first  series  nmning 
point,  upper  and  lower  fingers  R2,  and  finger  e  of  the  first  part 
of  the  circuit  are  active.  Finger  T  is  now  connected  through 
fingers  R2,  R2y  and  ^  to  a  on  the  No.  2  controller  and  all  of 
the  resistor  is  cut  out. 

On  the  fifth  series  step,  which  is  the  second  series  running 
point,  the  change  in  segments  is  such  as  to  cut  out  portions  Ml- 
FFl  and  FF2'-M2  of  the  motor  field  windings.  Fingers  Ml 
and  M2  and  taps  Ml  and  M2  are  now  active.  The  speed  on 
the  fifth  step  is  higher  than  on  the  fourth  step  because  the 
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weakened  magnetic  fltix  of  the  motors  necessitates  a  higher 
speed,  in  order  to  generate  the  proper  coimter  electromotive 
force  for  the  load  conditions. 

On  the  transition  point  6\  Figs.  5  and  6,  a  section  of  the  resistor 
is  cut  into  circuit  and  for  an  instant  both  ends  of  the  No.  2 
motor  circuit  are  grotmded,  thus  temporarily  short-circuiting 
this  motor. 

On  approaching  the  sixih  step,  which  is  the  first  parallel  rests' 
tance  step,  fingers  +2  and  c  drop  their  contacts  with  casting  5  and 
the  No.  2  motor  circuit  is  opened.  When  the  sixth  step  is  com- 
pleted, fingers  R4  and  +2  make  contacts  with  casting  S,  and  the 
armature  end  of  No.  2  motor  circuit  is  connected  to  point  RJi.  at 
the  end  of  the  last  section  of  the  resistor.  The  two  motors  are 
in  parallel  and  one  section  of  the  resistor  is  connected  ahead  of 
the  jimction  of  the  motors. 

On  the  seventh  step,  which  is  the  second  parallel  resistance  step, 
the  three  sections  of  the  resistor  are  in  parallel  ahead  of  the 
motors  which  are  also  in  parallel. 

On  the  eighth  step,  which  is  the  first  parallel  running  point, 
fingers  T,  R2,  R2,  and  e  are  active  and  all  of  the  resistor  is 
cut  out. 

On  the  ninth  step,  which  is  the  second  parallel  running  point, 
fingers  Ml  and  M2  and  taps  Ml  and  M2  are  active  and  the 
motors  are  in  parallel  without  the  resistor  and  with  portions 
of  the  field  windings  cut  out.    This  is  the  high-speed  point. 

8.  Motor  Connections. — ^When  two  motors  are  placed  on 
a  single  truck,  it  is  customary  to  install  them  back  to  back,with 
the  commutator  ends  of  the  two  motors  toward  opposite  sides 
of  the  truck.  When  the  motors  are  so  placed,  the  rotation  of 
the  two  armattires  must  be  in  opposite  directions,  when  viewed 
from  the  commutator  end  of  each  motor,  in  order  for  the  motors 
to  act  in  unison  in  driving  the  car.  The  controller  connections 
must  be  so  made  that  the  current  in  the  field  coil  of  one  motor 
must  be  in  the  opposite  direction  to  that  of  the  current  in  the 
field  coil  of  the  other  motor,  provided  the  armature  currents 
have  the  same  relative  directions.  In  Fig.  6,  first  step,  the 
current  enters  the  Al  end  of  the  No.  1  armature  and  the 
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corresponding  A2  end  of  the  No.  2  armature,  but  the  current 
enters  the  Fl  end  of  the  No.  1  field  coil  and  the  FF2  end  of 
the  No.  2  field  coil.  The  rotation  of  the  No.  2  motor  is,  there- 
fore, opposite  to  that  of  the  No.  1  motor. 

9.  Action  of  Reverse  Swltcli. — If  the  reverse  switch, 
Fig.  5,  is  thrown  so  that  the  reverse  segments  are  in  contact 
with  the  fingers,  the  direction  of  the  current  through  the  field 
coils  of  both  motors  is  opposite  to  that  when  the  forward 
segments  are  active  and,  therefore,  the  motion  of  the  car  is 
reversed.  In  the  next  to  the  last  tracing  of  Fig.  6,  the  path  of 
the  current  is  indicated  for  the  first  reverse  series  steps.  The 
relation  between  the  directions  of  the  armature  and  field  cur- 
rents is  maintained  throughout  the  reverse  steps  on  the  No.  1 
controller.  The  directions  of  the  field  currents  should  be  noted 
in  Fig.  6  for  the  tracing  for  the  first  forward  series  step  and  for 
the  first  reverse  series  step  of  the  No.  1  controller. 

10.  Braking:  by  Reversing:. — ^The  car  may  be  stopped 
suddenly  by  throwing  the  main  controller  handle  to  off-position, 
throwing  the  reverse  handle  to  its  reverse  position,  and  then 
advancing  the  main  controller  handle.  The  motors  will  then 
tend  to  drive  the  car  in  the  direction  opposite  to  the  direction 
that  the  momentum  of  the  car  is  driving  it;  the  car  will  come  to 
a  sudden  halt  and  move  backwards  if  the  current  is  left  on. 
This  action  causes  very  severe  stresses  on  the  apparatus,  and 
should  be  resorted  to  only  in  case  of  an  emergency. 

!!•  No.  2  Controller  Connections. — ^The  No.  2  con- 
troller. Fig.  5,  is  similar  to  the  No.  1  controller  except  that  the 
short  connecting  wire,  or  jumper,  near  x  is  used  on  the  No.  2, 
but  not  on  the  No.  i,  and  the  field-coil  connections  of  each 
motor  are  reversed  because  forward  movement  when  referring 
to  one  end  of  the  car  is  the  opposite  to  the  forward  movement 
when  referring  to  the  other  end  of  the  car.  It  is  necessary, 
therefore,  that  for  reverse  on  No.  1,  the  motors  should  rotate 
in  the  same  direction  as  for  forward  on  the  No.  2  controller. 
The  last  tracing  in  Fig.  6  indicates  the  path  and  direction  of 
the  current  for  the  first  forward  series  step  of  the  No.  2  con- 
troller.   It  should  be  noted  that  the  direction  of  the  current 


Digiti 


ized  by  Google 


10  SPEED  CONTROL  §23 

in  the  field  coils  of  both  motors  is  the  same  for  the  first  reverse 
series  step  of  the  No.  1  cx)ntroller  (next  to  the  last  tracing)  as 
for  the  first  forward  series  step  of  the  No.  ^  controller  (last 
tracing),  thus  the  car  motion  that  is  backwards  for  the  No.  1 
is  forwards  for  the  No.  £  controller. 

12.  Action  of  Cut-Out  Switches.— rCut-out  switches 
serve  to  disconnect  a  faulty  motor  in  a  two-motor  equipment 
or  a  pair  of  motors  in  a  four-motor  equipment  in  case  one 
motor  of  a  pair  is  faulty.  The  two  motors  of  a  pair  are  con- 
nected together  in  parallel  and  may  be  considered  as  one  motor 
in  regard  to  general  connections.  Suppose  that  No.  Z  motor, 
Fig.  5,  develops  a  fault  and  the  blade  of  the  upper  cut-out 
switch  on  the  No.  1  controller  is  thrown  to  the  right,  point  +2 
on  the  cut-out  switch,  Fig.  5,  and  the  first  tracing,  Fig.  6,  is 
grounded  at  G,  and  there  is  an  open  circuit  between  points  +S 
and  A2,  The  No.  1  motor  and  three  sections  of  the  resistor 
are  connected  between  the  trolley  and  the  grotmd  connection 
of  the  upper  cut-out  switch  and  the  circuit  of  the  No.  S  motor 
is  opened  at  that  point,  as  indicated  by  the  dotted  connecting 
lines  under  point  +2,  first  tracing  Fig.  6. 

If  the  No.  1  motor  is  faulty,  the  two  blades  of  the  lower 
cut-out  switch  are  thrown  to  the  right  and  the  blades  connected 
together  by  the  double  clip  at  terminal  R4,  Fig.  5.  Point  x 
is  now  connected  to  point  —11  and  the  No.  1  motor  circuit  is 
opened  between  points  x  and  Al  and  —1  and  —ll.  The 
No.  2  motor  circuit  is  completed  through  x-ll-b-c,  etc..  Fig.  5. 
The  path  is  indicated  by  the  dotted  connection  near  x  on  the 
first  tracing  of  Fig.  6. 

MOTOBS    USED    AS    BRAKES 

13.  Forward  Movement  of  Car. — ^Under  certain  con- 
ditions, the  motors  of  a  car  may  be  used  to  brake  the  car 
independently  of  the  mechanical  brakes  and  of  the  connection 
of  the  car  to  the  trolley  line.  The  ability  of  the  motors  to  act 
as  generators  enables  them  to  perform  this  duty. 

The  case  first  considered  is  when  a  car  equipped  with  two 
motors  is  nmning  forwards  down  a  hill,  with  the  brakes  out  of 
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order  and  the  trolley  ofi  the  line.  If  the  reverse  switch  is 
thrown  to  reverse  position  and  the  controller  to  any  one  of  the 
parallel  steps,  preferably  the  first  resistance  parallel  step,  one 
of  the  motors  will  almost  immediately  pick  up  as  a  generator 
and  the  current  from  this  generator  will  pass  through  the  other 
motor,  tending  to  drive  that  motor  in  opposition  to  the  motion 
of  the  car.  The  machine  acting  as  a  generator  requires  energy 
to  drive  it  and  this  is  furnished  by  the  moving  car.  The 
combined  action  of  both  machines  is,  therefore,  to  retard  the 
speed  of  the  car.  As  the  speed  slackens,  the  retarding  effect 
decreases  so  that  the  car  cannot  be  brought  to  a  stop  on  a  down 
grade  by  this  method.  The  speed  is  greatly  reduced,  however, 
and  it  may  be  possible  to  stop  the  car  by  placing  an  obstruc- 
tion on  the  rail. 

14.  In  order  for  either  one  of  the  series  motors  to  pick  up 
as  a  generator,  its  circuit  must  be  complete  and  the  relative 
direction  of  rotation  and  of  flux  must  be  suitable.  Throwing 
the  reverse  switch  to  reverse  position  gives  the  proper  relation 
between  rotation  and  flux,  and  moving  the  controller  handle  to 
a  parallel  position  completes  the  circuit  by  groimding  one 
terminal  of  each  motor  and  interconnecting  the  other  two 
terminals,  as  indicated  by  step  6,  Fig.  6.  The  relation  between 
armattu"e  and  field-coil  connection  would  be,  however,  that 
indicated  in  step  1  (reverse),  Fig.  6. 

Both  motors  tend  to  start  generating  and  to  set  up  elec- 
tromotive forces  that  directly  oppose  each  other;  but  one 
machine  starts  to  pick  up  a  Uttle  before  the  other,  owing  to 
the  fact  that  the  residual  magnetism  of  one  machine  is  usually 
a  little  stronger  than  that  of  the  other,  as  explained  in  connec- 
tion with  series  generators  in  parcel  in  a  previous  Section. 
The  stronger  electromotive  force  overcomes  the  weaker  elec- 
tromotive force,  and  the  first  machine  picks  up  as  a  generator 
and  forces  current  through  the  other  machine,  which  acts  as 
a  motor. 

15.  Backward  Movement  of  Car. — In  case  the  car 
starts  to  run  backwards  down  a  hill  and  the  motors  are  to  be 
used  as  brakes,  the  overhead  switch  should  be  knocked  off, 
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the  reverse  switch  left  on  its  forward  position,  and  the  con- 
troller drum  turned  to  a  parallel  position.  As  the  car  is  run- 
ning backwards,  the  rotation  of  the  armatures  is  revensed,  so 
that  the  armatures  and  field  coils  are  properly  connected  to 
make  the  motors  generate  and  set  up  braking  action. 

16.  Braking:  Action  Witli  Four-Motor  Equipment. 

When  there  are  four  motors  on  the  cars  arranged  in  two  pairs, 
the  braking  action  will  occur  if,  when  the  car  is  moving  for- 
wards, the  reverse  switch  is  thrown  to  reverse  position  and  the 
controller  left  at  the  off-position.  For  backward  movement, 
the  braking  action  occtu"s  when  the  reverse  switch  is  thrown 
to  forward  position  and  the  controller  left  at  the  off-position. 

17.  Precautions. — It  is  well  to  know  how  to  use  the 
motors  as  brakes  in  case  a  brake  chain  should  snap  and  the 
line  lose  its  power,  thereby  rendering  both  the  brakes  and 
reversing  gear  ineffective.  It  is  not  well,  however,  to  make 
a  practice  of  stopping  a  car  in  this  way,  for  as  the  fuse  or 
breaker  is  outside  of  the  local  circuit,  consisting  of  the  two 
motors  and  the  reversing  mechanism,  the  motors  are  not 
protected  from  overload.  Again,  the  sudden  reversing  of  the 
armature  of  the  machine,  acting  as  a  motor,  strains  the  pinion 
just  as  does  regularly  reversing,  or  "plugging,"  the  car  under 
headway.  

SERIES-PARALLEL  MUl/riPLE-UNIT  HAND  CONTROL 


MAfiTTEB   CONTROLLER   AND   MOTOR   CONTROLLER 

18.  When  a  car  is  intended  to  be  used  as  a  part  of  a  train, 
some  form  of  multiple-imit  system  is  employed  to  control  the 
speed  of  the  train.  In  the  multiple-unit  system,  a  master  con- 
troller distributes  current  through  control  circuits  that  include 
the  operating  coils  of  switches.  The  switches  are  in  the  main 
circuits  of  the  car  motors  and  resistor  and  act  in  response  to 
movements  of  the  master  controller.  The  currents  required 
for  the  control  circuits  of  the  operating  coils  are  small  and  the 
master  controller,  therefore,  is  very  compact.    Its  operation 
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and  general  appearance  is,  however,  similar  to  that  of  the 
larger  type  previously  described. 

By  extending  the  control  circuits  from  car  to  car  by  means 


of  cables  and  jumpers,  each  ear  is  operated  as  a  unit  in  parallel 
with  the  other  cars  from  any  master  controller,  usually  the 
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controller  on  the  front  end  of  the  first  car  of  the  train.  The 
system  is  sometimes  used  on  a  car  intended  for  heavy  service 
and  for  single  operation.  The  heavy  wiring  required  for  the 
motor  circuits  need  not  be  brought  to  the  master  controller  and 
much  space  on  the  platforms  is  gained  by  the  use  of  the  small 
master  controller.  The  motor  controller  contains  a  group  of 
main-circuit  switches  and  is  placed  under  the  car.  The 
operating  coils  of  the  motor  controller  are  connected  by  the 

control  cables  to  the 
master  controller. 

Fig.  7  shows  a  motor 
controller^  or  a  con- 
tactor box.  The 
switches,  or  con- 
tactors, ^re  at  posi- 
tions a;  the  motor  cut- 
out switches,  at  6; 
the  motor  reverse 
switches,  at  c;  the 
cut-out  switches  for 
the  control  circuits, 
at  d;  and  an  overload 
relay,  at  e. 


e 


CONTACTOBS 

U      19.    The  contactors 
vary  in  details  of  con- 
struction to  suit  differ- 
ent operating    condi- 
tions, but  their  action 
is  usually  based  on  the 
same   general   princi- 
ples.     Fig.   8    shows 
the  working  parts  of 
a  contactor  intended  for  2,400-volt  service.     In  contactors  for 
lower  voltage,  the  parts  are  arranged  more  compactly.    When 
current    passes    through    the    operating    coil   a,   the    switch 
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contacts  6  and  c  are  closed  by  means  of  a  connecting-rod  extend- 
ing to  the  armature  d  of  the  coil.  When  the  current  in  the  coil 
ceases,  the  switch  contacts  open  and  any  arc  that  tends  to 
form  between  them  or  their  projecting  horns  is  blown  out  by 
the  blow-out  coil  e. 

The  movement  of  the  armature  d  also  causes  the  shaft  of 
the  interlock  switch  /  to  move.  Small  disks  mounted  on  the 
shaft  move  into  or  oiit  of  contact  with  stationary  terminal 
posts.  The  contacts  h  and  c  form  a  part  of  the  main  motor 
circuit  and  the  contacts  of  the  interlocks  form  part  of  the 
control  circuits.  The  interlocks  serve  to  arrange  circuits  for 
the  operating  coils  of  the  contactors. 

In  car-wiring  diagrams,  the  operating  coil  a,  the  contact 
points  h  and  c,  the  blow-out  coil  e,  and  the  interlock  /  are 
usually  represented  as  indicated  in  the  detail  sketch. 


CUT-OUT    SWITCHES    AND    REVERSER 

20.    Fig.  9  shows  the  motor  cut-out  switches  a  and  b  and 
the  reverser  c.    In  a  four-motor  equipment,  switch  a  cuts  out 


Fig.  9 


one  pair  of  motors  and  switch  6,  the  other  pair.    The  reverse 
switch  is  provided  with  two  operating  coils,  both  of  which  are 
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included  in  the  control  circuits.  One  coil  turns  the  reverse- 
switch  cylinder  to  forward  position  and  the  other  coil,  to  reverse 
position.  The  reverse  switch  reverses  the  connections  of  the 
field  coils  of  the  motors. 


OVEBLOAD    RELAY 

21.  Fig.  10  shows  one  form  of  overload  relay.  The  coil  a 
is  in  the  motor  circuit.  In  case  of  excessive  current,  armature  b 
is  drawn  up,  moving  latch  lever  c  and  releasing  the  armature  d  of 

the  coil  e.    The  action 
of  armature  d  opens 
through  levers  /  the 
contacts  of  three  small 
switches  of  the  con- 
trol circuits.     The 
blow-out  coils  of  these 
switches    are    shown 
at  g.    The  circuits  of 
the  switches   include 
operating  coils  of 
active  contactors  and 
when  the  switches 
open,  the  motor  cir- 
^  cuits  are  opened   by 
the  contactors.     The 
current  in  coil  a  then 
ceases  and  the  arma- 
ture b  drops.    The  control  switches  may  be  dosed  again  by 
passing  current  from  the  control  circuit  through  the  reset  coil  e. 
The  armature  d  is  then  moved  toward  coil  e  and  its  action 
closes  the  switches. 

CONTROL    AND    RESET   SWITCH 

22.  Near  the  master  controller  is  a  small  double-throw 
switch,  one  type  of  which  is  shown  in  Fig.  11.  The  switch  in 
one  position  doses  the  supply  circuit  for  the  master  controller, 
and  in  the  other  position  closes  the  circuit  to  the  reset  coil  of 
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the  overload  relay  in  the  motor  controller.  In  the  reset 
position,  only  temporary  contact  is  desired  and  the  handle  is 
hdd  against  a  spring  pressure  that  will  return  it  to  off-position 


when  the  hand  is  removed.  The  notches  on  the  segment  near 
the  center  of  the  switch  allow  the  switch  to  remain  at  off- 
position  or  at  closed  position  on  the  left  contact. 


CAR-WIBING    DIAGRAM 

23.  In  Fig.  12  is  shown  a  car-wiring  diagram  for  a  multiple- 
unit  system  with  hand-operated  control  (the  Sprague-General 
Electric  type  M  K).  The  diagram  shows  connections  for  a 
large  car  that  is  usually  operated  -singly,  but  which,  if  desired, 
may  form  part  of  a  train.  At  starting,  the  acceleration  of  the 
car  depends  on  the  time  taken  by  the  operator  to  move  the 
controller  handle  through  the  different  steps. 

The  wires  for  the  control  circuit  are  indicated  by  light  lines 
and  for  the  motor  circuit  by  heavy  lines.  The  small  open 
circles  located  in  the  control  circuits  indicate  resistors  and  the 
numbers  near  the  circles  indicate  the  resistances  in  ohms. 
One  end  of  the  control  circuit  is  connected  to  the  upper  contact 
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of  the  main  switch  and  the  other  end  to  the  ground.  The  full 
voltage  of  the  line  is  impressed  on  the  control  circuit,  but  the 
resistors  and  the  operating  coils  limit  the  current  to  a  small 
amoimt  (about  2  amperes  per  car).  One  hood  switch  controls 
the  current  for  both  master  controllers  and  a  controller  and 
reset  switch  at  each  end  of  the  car  control  the  current  for  the 
master  controller  at  that  end  and  for  the  reset  coil  of  the  over- 
load relay. 

To  start  the  car,  the  main  control  switch  is  closed  and  the 
control  and  reset  switch  for  the  master  controller  that  is  to  be 
active  is  first  thrown  so  as  to  make  contact  at  the  reset  side, 
which  energizes  wire  10  and  the  reset  coil  of  the  relay,  and 
is  then  finally  closed  to  the  controller  side.  The  master  controller 
reverse  switch  is  thrown  to  forward  position  and  the  master 
controller  is  then  moved  through  the  steps. 

24,  Control  Circuits. — In  Fig.  13  are  indicated  the  paths 
of  the  control  cturents  through  the  circuits  formed  when  the 
controller  is  moved  through  the  steps.  The  devices,  such  as 
controller  fingers,  operating  coils,  interlocks,  resistors,  etc.,  in 
Figs.  12  and  13,  are  indicated  in  a  similar  manner.  Each  path, 
indicated  in  Fig.  13,  should  be  traced  on  Fig.  12. 

On  the  first  step,  Fig.  13,  the  control  current  passes  through 
No.  1  casting  of  the  controller,  the  forward  segment  of  the 
controller  reverse  switch,  the  forward  operating  coil  0  of  the 
reverser,  the  two  lower  interlocks  attached  to  coil  0  and  to 
groimd.  The  operating  coil  immediately  causes  the  two  lower 
interlocks  to  open,  the  upper  interlock  to  close,  and  the  path  is 
then  indicated  by  the  lower  connections  from  the  forward  operat- 
ing coil  of  the  reverser'.  Contactors  7  and  9  of  this  path  are 
closed.  Another  path  is  through  wire  1 ,  contactor  1 ,  and  wire  6. 
Contactors  1,  7,  and  9  are  active. 

When  tracing  the  steps,  the  positions  of  the  interlocks  of  the 
active  contactors  should  be  noted.  In  Fig.  12,  the  positions 
of  the  interlocks  when  the  contactors  are  inactive  are  indicated. 
In  Fig.  13,  the  interlocks  are  nimibered  the  same  as  the  con- 
tactors to  which  they  are  attached,  as  interlock  10  of  the 
first  step. 
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On  the  transition  point  and  step  6,  the  changes  in  the  active 
controller  segments  and  active  interlocks  cause  the  changes  in 
the  current  paths  noted  in  the  figure.  The  portion  of  the  paths 
connected  by  dotted  lines  indicates  the  preliminary  paths. 
The  full-line  paths  are  for  step  6. 

In  all  of  the  control  circuits,  except  the  preliminary  circuit 
for  the  reverser,  either  of  the  two  control  switches  used  in  the 
overload  relay  of  this  system  is  included  in  the  circuit;  there- 
fore, in  case  of  excessive  ciurent,  these  switches  open,  which 
causes  the  contactors  to  open  the  motor  circuits. 

25.  Motor  Circuits. — ^The  sketch,  Fig.  12,  showing  the 
motor  circuit  connections  and  the  table  showing  the  contactors 
closed  on  each  step  serve  to  indicate  the  motor  connections  at 
each  step.  On  the  first  step,  with  contactors  1, 7,  and  9  active, 
the  main  current  passes  through  four  sections  of  the  resistor  and 
two  pair  of  motors  in  series.  Each  pair  of  motors  consists 
of  two  motors  in  parallel.  On  the  sixth  step,  with  contactors  5, 
4,  7,  8f  and  10  active,  the  current  passes  through  one  section 
of  the  resistor  R£-R3,  and  then  through  the  four  motors  in 
parallel.  The  resistor  sections  are  used  either  in  series  or  in 
parallel  or  in  combination  on  the  different  steps. 

26.  Reverser. — ^When  aU  of  the  fingers  of  the  reverser. 
Fig.  12,  bear  on  the  large  segments,  as  shown,  current  in  the 
field  coils  has  one  direction;  when  the  reverser  drum  is  turned  so 
that  only  the  upper  row  of  fingers  is  on  the  large  segments  and 
the  lower  row  on  the  small  segments,  current  in  the  field  coils 
is  in  the  other  direction.  The  direction  of  car  movement  is 
thus  changed  by  turning  the  reverser  drum. 

When  the  forward  segment  of  the  controller  reverse  switch 
at  either  master  controller  is  active,  the  operating  coil  of  the 
reverser  that  is  then  energized  moves  the  reverser  to  the  position 
for  forward  motion  of  the  car.  When  the  reverse  segment  is 
active,  the  reverser  is  moved  to  the  position  for  backwar4 
motion. 

27.  Ck>uplers. — Cars  to  be  used  in  multiple-imit  trains 
are  provided  with  sockets  moimted  near  each  platform  and 
which  are  connected  to  the  wires  of  the  control  cable  on  the  car. 
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Two  coupler  sockets  are  shown  in  Fig.  12.  A  jumper  cable  with 
plugs  at  either  end  serves  to  connect  the  sockets  of  adjacent 
cars.  The  control  system  is  thus  extended  throughout  the 
train  and  any  master  controller  will  control  all  of  the  motors 
on  the  train.  If  the  motors  on  one  car  are  not  to  be  used 
the  control  cut-out  switch,  shown  below  the  left-hand  master 
controller,  Fig.  12,  is  thrown  so  as  to  open  all  of  the  control 
circuits. 

SERIES-PARALLEL  MULTIPLE-UNIT  AUTOMATIC 
CONTROL 


AUTOMATIC    CLOSING    OP    SWITCHBS 

28.  In  automatic  control,  the  controller  handle  may  be 
moved  slowly  from  step  to  step  or  the  handle  may  be  thrown 
at  once  to  either  full  series  or  parallel  running  position  and  the 
switches  in  the  motor  circuit  will  close  automatically  and  in 
the  same  order  as  for  the  gradual  movement.  A  limit  switch, 
the  operating  coil  of  which  is  included  in  the  motor  circuit,  opens 
by  means  of  its  interlock  certain  of  the  control  circuits  in  case 
the  motor  current  exceeds  the  value  for  which  the  switch  is 
set  and  delays  the  closing  of  fiu^ther  switches  imtil  the  current 
decreases  to  a  safe  value. 


UNIT    SWITCHES 

29.  The  motor  switches  in  the  Westinghouse  system  of 
multiple-tinit  control  here  considered  are  closed  by  compressed 
air  taken  from  the  air-brake  system  of  the  train.  The  magnet 
valves  operating  the  switches  are  controlled  by  the  currents  in 
the  control  circuits  and  the  proper  distribution  of  these  currents 
is  made  by  the  master  controller. 

Fig.  14  shows  a  luiit  switch.  The  magnet  valve  is  shown  at  a ; 
the  air  cylinder  at  b  with  part  of  the  casing  broken  away  to  show 
the  coiled  spring  inside;  and  the  main  switch  contacts  and  their 
projecting  horns  at  c  and  d.  A  blow-out  coil  is  so  placed  in 
front  of  the  arc  shield  e  that  its  magnetic  flux  passes  through 
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the  space  occupied  by  the  contacts  c  and  d.  If  the  unit  switch 
is  provided  with  an  interlock,  the  segments  of  the  interlock  are 
mounted  on  the  projecting  arm  /  of  the  piston  rod.  The 
interlock  fingers  are  fixed  in  position  and  the  segments  move 
up  and  down  against  the  fingers,  thus  making  or  breaking  the 
control  circuits  necessary  to  cause  the  progressive  action  of  the 
unit  switches.  The  general  arrangement  of  the  interlock 
fingers  and  segments  is 
shown  in  Fig.  15. 

When  the  magnet 
valve  a,  Fig.  14,  is  en- 
ergized, the  small  air 
valve  g  is  depressed, 
allowing  air  from  the 
inlet  h  to  pass  to  the 
bottom  of  the  piston 
in  the  cylinder  b.  The 
piston  and  its  rod  are 
forced  upwards,  clos- 
ing the  switch  and 
moving  the  segments 
of  the  interlock.  The 
switch  remains  closed 
as  long  as  the  air  pres- 
sure exists  on  the  pis- 
ton.    If  the  circuit  of 

the  magnet  valve  is  opened,  the  inlet  valve  g  closes  and  an 
exhaust  valve  tmder  the  magnet  opens,  allowing  the  air  under 
the  piston  to  escape.  The  spring  in  the  air  cylinder  then  opens 
the  switch,  which  also  happens  when  the  air  pressure  in  the 
system  fails  from  any  cause. 

The  unit  switches  are  arranged  in  a  switch  group,  placed 
under  the  car,  and  connected  to  the  control  circuit,  the  motor 
circuit,  and  the  air-brake  system.  Fig.  15  shows  the  interlock 
side  of  a  switch  group  with  the  cover  removed  from  the  case. 
Control  cables  are  shown  passing  through  one  end  of  the  case, 
and  bushed  openings  for  the  entrance  of  the  motor  leads  are 
shown  near  the  top. 

28&— 22 
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OVERLOAD    TBIP 

30.    Fig.  16  (a)  shows  the  construction  of  the  overload  trip 
at  one  end  of  the  switch  group.    The  trip  coil  a  is  the  blow-out 

coil  of  the  adjacent 
tmit  switch.  In  case 
of  overload,  the 
plunger  b  is  drawn 
into  the  trip  coil,  thus 
opening  two  control 
circuits  by  withdraw- 
ing contact  disks  c 
and  d  from  stationary 
contacts  e/ and  gh. 
At  the  same  time  a 
spring  i  is  compressed 
and  the  end  of  the 
pltmger  of  a  reset 
magnet  falls  into  a 
notch  k,  thus  holding 
the  control  circuits 
open,  as  in  (6).  By 
closing  a  reset  switch 
near  the  operator, 
I  the  reset  magnet  /  is 
'  energized,  the  plunger 
withdrawn  from 
notch  kf  and  the 
spring  i  closes  the 
control  circuits  again, 
if  the  overload  has 
been  removed.  The 
tripping  point  is  ad- 
justable by  screwing 
^^•^^  in  or  out  the  small 

rod  attached  to  plimger  6.    This  rod  turns  within  the  shell  that 
holds  the  disks. 
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CAB-WIBINO   DIAGRAM 

31  •  Fig.  17  is  a  simplified,  schematic,  car-wiring  diagram  of 
the  Westinghouse  unit-switch  automatic  control.  In  this 
diagram,  the  parts  are  arranged  where  most  convenient  to  show 
connections,  regardless  of  their  true  arrangement.  The  master 
controller,  the  main  contacts  of  the  tmit  switches,  and  the 
motor  circuits  are  shown  above  the  train-line  cable  and  the 
control  circuits  and  the  magnet  valves  of  the  tmit  switches 
below  this  cable.  The  operating  coil  of  the  limit  switch  is 
shown  to  the  right  of  motors  Nos.  S  and  4,  and  its  interlock  is 
indicated  near  the  disk  marked  Limit,  in  the  control  circuit. 

The  combined  blow-out  and  trip  coil  of  line  switch  LSI  is 
shown  below  the  main  fuse.  The  control  disks  of  the  trip 
interlocks  of  the  two  line  switches  LSI  and  LS^  are  marked 
Overload  Trip  and  are  in  circuit  with  the  magnet  valves  of 
these  switches  as  shown  in  Fig.  17.  The  reset  coil  of  the  over- 
load trip  is  in  circuit  with  control  wire  8,  as  shown  at  the  right 
side  of  the  diagram. 

The  segments  and  the  fingers  of  the  interlocks  are  indicated 
by  the  blocks  and  by  the  small  circles.  When  the  switches  are 
out,  the  segments  make  contact  with  the  fingers  on  a  line  even 
with  the  word  out ;  and  when  in,  on  a  line  even  with  the  word  in. 
The  main  contacts  of  the  tmit  switches  are  indicated  in  the  motor 
circuit  by  short  vertical  parallel  lines. 

The  voltage  impressed  on  the  magnet  valves  of  the  control 
circtiits  is  that  between  points  6  and  7  or  7  and  G  on  the  control 
resistor  connected  between  the  trolley  and  the  ground.  In 
some  equipments,  the  current  for  the  control  circuits  is  obtained 
from  a  storage  battery. 

32.  With  connections  complete  and  the  car  ready  to  start, 
the  controller  handle  can  be  thrown  at  once  to  notch  4,  Fig.  17, 
for  forward  movement  of  the  car  or  to  notch  2,  for  backward 
movement.  In  the  following,  it  is  assumed  that  the  handle 
is  moved  to  the  forward  parallel-running  notch  4- 

When  tracing  the  circuits,  the  table  of  sequence  of  switches, 
shown  near  the  right-hand  upper  comer  of  Fig.  17,  should  be 
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frequently  consulted  and  the  position  of  the  interlocks  of  the 
switches  noted  for  each  new  path.  The  movements  of  the 
interlocks  prepare  the  control  circuit  for  the  closing  or  opening 
of  the  switches  next  to  be  affected,  and  for  the  transfer  of  some 
of  the  magnet  valves  from  a  pick-up  circuit  including  the  inter- 
lock of  the  limit  switch  to  a  retaining  circuit  that  does  not 
include  it.  The  limit  switch  thus  drops  its  control  of  the 
switches  that  have  been  closed  and  only  applies  its  guarding 
features  to  switches  aibout  to  dose. 

33«  Fig.  18  indicates  the  control  circuits  that  carry  currents 
for  energizing  the  different  magnet  valves,  the  positions  of  the 
interlocks  (in  or  out)  that  are  active  in  each  circuit,  the  sequence 
of  opening  and  closing  of  the  switches,  the  methods  of  trans- 
ferring some  of  the  magnet  valves  from  the  pick-up  to  the  retain- 
ing circuit,  and  which  of  the  magnet  valves  are  affected  by  the 
overload  trip  and  by  the  interlock  of  the  limit  switch.  Figs.  17 
and  18  should  be  studied  together  when  tracing  circuits. 

The  first  current  tracing  shows  the  circuit  of  the  reset  coil 
when  the  control  switch  is  closed  temporarily  to  the  right. 
The  next  tracing  shows  the  circuit  when  the  control  switch  is 
closed  to  the  left  and  the  master  controller  is  active.  Current 
passes  through  the  resistor  and  the  wires  6  and  7  are  energized. 

The  magnet  valve  of  switch  LSI  is  energized  through  the 
wire  7,  fingers  7  and  F  on  the  controller,  and  wire  F.  This 
switch  and  switch  Ml  dose  at  once,  followed  inmiediately 
by  the  closing  of  switch  JR. 

The  interlock  of  the  forward  magnet  valve  of  the  reverser 
is  in  forward  position;  therefore,  the  magnet F  is  not  in  circuit 
since  the  reverser  is  in  proper  position  for  forward  movement 
of  the  car. 

If  the  reverser  is  in  the  wrong  position  when  the  master 
controller  handle  is  moved  either  way,  one  of  its  magnets  R 
or  F  is  automatically  energized  and  the  reverser  is  moved  to 
the  position  corresponding  to  the  movement  of  the  master 
controller. 

The  operating  coil  of  switch  L  5:^  is  in  series  with  an  over- 
load trip  contact  and  the  interlock  of  the  limit  switch  and 
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cannot  close  until  the  motor  current  falls  enough  to  allow  the 
limit  switch  to  dose.  As  soon  as  switch  LS2  closes,  its  own 
interlock  transfers  its  magnet  valve  to  another  circuit  contain- 
ing the  same  overload  trip  contact,  the  other  overload  trip 
contact  being  in  series  with  the  coil  of  switch  LSI .  These  two 
switches,  therefore,  open  in  case  of  overload,  followed  imme- 
diately by  the  opening  of  all  the  other  switches  because  of  the 
opening  of  the  LSI  interlock  in  the  circuit  of  wires  6  and  7. 
The  reset  switch  enables  the  motorman  to  start  operations 
again.  In .  Fig.  18,  temporary  connections  are  represented 
by  dotted  lines,  as  in  the  first  circuit  of  magnet  LS2. 

It  is  well  to  consider  the  motor  circuit,  Fig.  17,  for  the 
various  steps.  Note  from  the  table  of  sequence  of  switches  the 
switches  that  are  active  and  consider  that  the  srfiall  gaps  by 
which  the  switches  are  indicated  are  closed.  Then  trace  the 
motor  circuit.  For  instance,  on  the  second  step  of  the  pro- 
gression with  switches  LSI,  LS2,  Ml,  andJR  closed,  the  two 
pair  of  motors  and  six  sections  of  resistors  are  connected  in 
series.    Each  pair  of  motors  consists  of  two  motors  in  parallel. 

On  steps  3  to  8,  Fig.  17,  sections  of  the  main  resistor  are  cut 
out  of  circuit.  Fig.  18  shows  the  control  circuits  that  first 
pick  up  these  resistor  magnets  in  circuit  with  the  limit  switch 
interlock  and  then  transfer  each  in  turn  to  a  retaining  circuit 
that  is  not  controlled  by  the  limit  switch.  In  case  the  limit 
interlock  opens,  due  to  an  imsafe  current,  it  does  not  affect 
the  switches  that  have  been  closed,  but  delays  further  closing 
of  new  switches  until  the  current  has  been  reduced  to  a  safe 
value  by  the  increased  speed  of  the  motors. 

Switch  7,  Figs.  17  and  18,  closes  on  the  transition  positions 
and  its  interlock  opens,  causing  the  switches  controlled  by  the 
circuit  containing  wire  6  to  open.  As  soon  as  switch  G  closes, 
its  interlock  opens  the  circuit  of  wire  38,  and  switch  J  opens. 

On  step  9,  Fig.  17,  the  two  pair  of  motors  are  in  parallel 
and  each  pair  has  three  sections  of  the  resistor  in  series  with  it. 
On  the  succeeding  steps,  the  resistor  sections  are  cut  out. 
Switch  JR  remains  inactive  on  the  parallel  steps  since  the 
interlock  of  switch  MS  is  in  its  in  position. 

On  step  12,  the  motors  are  in  parallel  with  the  resistor  cut  out. 
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If  the  controller  handle  is  advanced  to  the  second  notch,  the 
switches  will  close  automatically  until  the  motors  are  in  series- 
running  position.  The  active  switches  are  then  indicated  by 
step  8  of  the  sequence  of  switches. 

On  reverse  operation,  the  pair  of  motors  are  in  series  on 
notch  ^  of  the  controller.  The  finger/?  is  then  active  and  the 
reverse  will  be  thrown  to  its  proper  position  for  backward 
motion  of  the  car. 

SINGLE-PHASE  SPEED  CONTROL 


GENERAL   ARRANGEMENT    OF   PARTS 

34.  In  the  United  States,  the  development  of  alternating- 
current  traction  has  been  based  mostly  on  the  single-phase 
system  emplojring  a  series-woxmd  commutating  motor.  A 
single-phase  system  of  the  Westinghouse  type  is  here  con- 
sidered. 

The  car  speed  is  controlled  by  connecting  successively  the 
several  taps  of  an  autotransformer  or  of  the  secondary  coil  of 
a  two-coil  transformer  to  the  terminals  of  the  motors.  The 
autotransformer  or  the  primary  coil  of  the  two-coil  transformer 
is  connected  between  the  trolley  and  the  rails.  By  this  means 
the  voltage  impressed  on  the  motors  is  varied  and  the  car 
speed  adjusted.  In  some  equipments,  a  resistor  is  also  used 
to  aid  in  controlling  the  car  speed. 

The  voltage  between  the  trolley  and  rail  may  be,  for  diJBferent 
installations,  from  a  few  thousand  to  11,000  volts;  the  maximum 
voltage  impressed  on  the  terminals  of  each  motor  is,  however, 
only  about  275  volts.  When  two  motors  are  employed,  they 
are  usually  connected  in  parallel.  With  four-motor  equipments, 
the  two  motors  of  a  group  are  usually  connected  in  series  and 
the  two  groups  in  parallel. 

With  a  two-coil  transformer,  the  motor  circuit  is  insulated 
from  the  ground  and  the  motors  and  atixiliary  apparatus  are 
not  connected  to  the  high-tension  line. 

The  control-circuit  and  motor-circuit  combinations  are  made 
by  means  of  a  master  controller  and  unit  switches  in  the  same 
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general  manner  as  previously  described.  A  storage  battery  is 
used  to  furnish  current  for  the  control  circuit  and  the  magnet 
valves  are,  therefore,  designed  for  direct-current  operation.  A 
small  motor-generator  set  is  provided  so  that  the  storage  battery 
can  be  charged  as  required. 


Primmy^ 


PREVKMTlVB-BEACTrANCB   COILS 

36«  In  an  equipment  where  no  resistor  sections  are  used 
to  control  the  speed,  the  motor  circuit  is  connected  to  the 
transformer  taps  through  reactors,  called  preventive-reac- 
tance colls.  This  2* 
method  as  applied  to  a 
two-coil  transformer  is 
indicated  in  Fig.  19. 
One  end  of  the  motor 
circuit  is  connected  to 
the  center  of  one  coil, 
each  end  of  which  is 
joined  to  the  center  of 
other  coils,  and  the  fotu: 
ends  of  these  two  coils  to 
the  transformer  taps. 
As  the  tmit  switches 
close,  the  terminals  of 
the  two  coils  nearest  the 
transformer  are  con- 
nected successively  to  the  higher  voltage  taps,  as  indicated  by 
the  dotted  connection  of  the  lower  coil.  The  coils  prevent 
sections  of  the  transformer  from  being  short-circuited  and  the 
motor  circuit  from  being  opened  during  the  progression  of  the 
switches.  The  voltage  impressed  on  the  motors  is  thus  increased 
insteps. 
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CAB-WntlNG    DIAGRAM 

36.    Preliminary    Control    Circuits.— Fig.    20    is    a 

schematic  diagram  of  an  automatic,  alternating-current,  car 
equipment  of  the  Westinghou^  type.  Fig.  21  shows  the  con- 
trol circuits  from  the  positive  to  the  negative  battery  terminals. 
Reference  should  be  made  to  both  figures. 

Two  pantagraph  trolleys  are  used,  which  are  raised  or  lowered 
through  the  action  of  small  switches  at  the  master  controller. 
The  battery  switch.  Fig.  20,  is  closed,  a  plug  placed  in  the 
lower  receptacle  J5+  shown  below  the  master  controller,  and 
the  push  button  marked  "Trolley  Up**  on  the  left  side  of  the 
controller  is  pressed.  The  control  circuit  is  indicated  in  Fig.  21. 
The  up-troUey  magnet  valves  are  energized,  the  trolley  latches 
released,  and  springs  raise  the  trolleys. 

The  trolleys  are  lowered  by  pressing  the  push  button  marked 
'Trolley  Down**  on  the  right  side  of  the  controller.  Fig.  20. 
The  control  path  is  as  indicated  in  Fig.  21.  The  trolley  down 
magnet  valves  are  energized  and  these  allow  compressed  air 
to  operate  pistons  that  lower  the  trolleys.  Automatic  latches 
secure  them  in  this  position. 

The  line  switch  LS^  indicated  in  the  diagram  of  motor 
circuits,  Fig.  20,  is  closed  when  the  plug  is  inserted  in  the  lower 
receptacle.  The  path,  Fig.  21,  includes  the  upper  interlock  of 
the  overload  trip.  If  the  upper  trip  interlodc  opens,  due  to 
overload,  the  line  switch  LS  opens.  The  upper  trip  interlock 
remains  open  and  prevents  reclosing  the  line  switch  until  the 
interlock  is  reset  by  inserting  the  plug  in  the  upper,  or  reset, 
receptacle.  The  reset  coil  is  then  energized  and  the  interlocks 
forced  to  their  normal  operating  position,  as  shown  in  Fig.20. 
The  line  switch  is  then  closed  by  placing  the  plug  in  the  lower 
receptacle.  With  this  arrangement  of  trip  interlocks,  only  the 
reset  coil  on  the  car  on  which  the  overload  trip  has  operated 
will  be  ener^ed.  The  circuits  of  the  reset  coils  of  the  other 
cars  are  open,  due  to  the  normal  position  of  the  lower  interlocks. 

In  the  equipment  under  consideration,  the  brake  is  auto- 
matically applied  if  the  controller  is  moved  to  oflf-position  and 
the  plug  left  in  the  lower  receptacle.    The  brake-valve  magnet 
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is  energized  and  this  admits  compressed  air  to  a  relay  valve 
which  opens  an  exhaust  port  in  the  brake  pipe,  thus  applying 
the  brakes.  If  it  is  not  desired  to  set  the  brakes  when  the 
controller  is  moved  to  off-position,  the  plug  is  removed  from  the 
lower  receptacle.  The  path  of  the  current  through  the  brake- 
valve  magnet  is  indicated  in  Fig.  21. 

The  circuits  thus  far  mentioned  in  connection  with  Fig.  21 
are  completed  with  the  master  controller  in  off-position.  They 
may  be  called  auxiliary  circuits. 

37«  Progression  of  Switches  and  Operation  of  Safety 
Devices. — ^When  considering  the  control  circuits  made  by 
the  drum  of  the  master  controller,  it  is  assumed  that  the  con- 
troller is  thrown  at  once  to  the  third  forward  notch.  The 
progression  of  switches  is  then  as  indicated  in  Fig.  21.  The 
plug  is  in  the  lower  receptacle  and  the  reverser  is  in  its  forward 
position.  The  current  paths.  Fig.  21,  the  sequence  table,  and 
the  motor  circuit  diagram.  Fig.  20,  should  be  carefully  studied 
when  tracing  the  control  circuits. 

Switches  1  and  7  close  at  once,  since  fingersA S,  1  and  S  are 
active  as  soon  as  the  controller  segments  touch  them.  The 
interlock  of  the  limit  switch  is  at  first  included  in  the  pick-up 
circuit  of  each  of  switches  :^  to  ^,  inclusive,  and  then  cut  out  of 
circuit  as  the  switches  are  successively  transferred  to  the  hold- 
ing circuits.  The  limit  switch  delays  the  successive  closing  of  the 
switches  until  the  current  is  reduced  to  the  value  for  which  the 
limit  switch  is  adjusted.  One  limit  switch  is  adjusted  for 
normal  operation  with  both  motors  in  service  and  the  other  is 
set  at  a  higher  value  for  use  when  one  motor  is  cut  out.  This 
allows  the  remaining  motor  to  operate  at  a  higher  than  the 
normal  rate  during  the  time  necessary  to  return  the  car  to 
the  bam.  The  control  cut-out  switch  serves  to  make  either 
of  the  limit  switches  active. 

The  line  relay  interlock  is  included  in  the  holding  circuits 
of  switches  1  to  6,  inclusive.  The  operating  coil  of  the  line 
relay  is  connected  between  a  transformer  tap  and  the  ground. 
If  the  current  goes  off  the  line,  the  interlock  of  the  line  relay 
opens  which,  in  ttim,  opens  the  switches  1  to  6,  indtxsive.    If 
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the  current  returns  before  the  controller  is  moved,  the  switches 
will  again  close  in  regular  order. 

The  overspeed  relay  is  active  only  after  switch  B  is  closed. 
The  overfeed  relay  is  provided  to  keep  the  cars  from  attaining 
a  dangerous  speed  on  down  grades  with  the  controller  on. 
One  current-operating  coil  of  the  relay  is  in  series  with  one  of 
the  motors  and  the  voltage-operating  coil  is  coimected  across 
the  terminals  of  the  armature  circuit  of  the  same  motor.  The 
voltage  coil  tends  to  open  the  interlock  of  the  relay  and  the  cur- 
rent coil  tends  to  dose  it.  The  lifting  of  the  relay  interlock 
depends  on  the  difference  between  the  effects  of  the  two  coils. 

If  the  motor  is  running  down  grade  with  the  current  on,  the 
effect  of  the  comparatively  small  current  in  the  current  coil 
of  the  relay  may  be  overbalanced  by  the  effect  of  the  voltage 
coil.  The  current  in  this  coil  depends  on  the  difference  of 
potential  across  the  armature,  and  at  high  speed  the  voltage 
may  be  enough  to  cause  the  relay  to  open  and  thus  open  switch  7. 
The  opening  of  the  interlock  of  switch  7,  shown,  near  the  end  of 
the  27  wire,  opens  the  holding  circuits  of  switches  5,  4,  5,  and  6 
and  these  switches  open.  The  motors  are  thus  cut  out  of 
circuit. 

Switch  2  remains  closed  and  its  interlock  in  out  position  until 
the  controller  is  thrown  off.  If  the  controller  is  on  and  the 
overspeed  relay  again  closes,  the  other  switches  cannot  close 
because  No.  2  interlock  is  in  its  in  position  and  the  circuit  of 
No.  7  magnet  thereby  opened.  The  controller  handle  must 
first  be  moved  to  (7jf-position,  allowing  No.  2  switch  to  open, 
and  then  moved  to  the  desired  running  point. 

The  conductor's  valve  is  used  to  produce  signals  by  means 
of  the  air  whistle.  The  signal  switch.  Fig.  20,  is  closed  by 
pulling  on  a  rope  that  extends  through  the  train.  The  magnet 
valve,  the  circuit  of  which  is  closed  by  the  switch,  connects 
the  air  system  to  the  whistle.  The  switches  in  the  local  circuits 
of  all  magnet  signal  valves,  except  the  one  on  the  first  car,  are 
open;  therefore,  only  that  valve  is  active. 

38.  Motor  Circuits. — ^When  switches  1  and  7  close,  the 
low-voltage  tap  and  section  R1-R2  of  the  resistor  are  active 
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in  the  motor  circuit.  The  resistor  is  cut  out  by  switch  ^, 
When  switch  S  closes,  the  intermediate-voltage  tap  and  sec- 
tion Rl'-R4  are  active.  This  resistor  is  cut  out  by  switch  4- 
When  switch  5  closes,  the  high-voltage  tap  and  resistor  sec- 
tion RJrR5  are  active.  This  resistor  is  cut  out  when  switch  6 
closes.  There  are  three  efficient  running  positions  of  the  con- 
troller where  there  are  no  sections  of  the  resistor  in  circuit. 


CONTROL  FOR  STORAGE-BATTERY  CAR 

39.  In  Fig.  22  is  shown  a  car-wiring  diagram  for  a  storage- 
battery  car.  The  two  motors  and  four  sections  of  the  resistor 
are  first  connected  in  series  across  the  terminals  of  the  battery. 


Motor  NoJ  Motor  NQ.2 

Fig.  22 

As  the  controller. handle  is  advanced,  the  resistor  sections  are 
short-circuited,  the  motors  then  connected  in  parallel  with  two 
sections  of  the  resistor  in  each  motor  circuit,  and  finally  these 
sections  cut  out.  The  series-running  position  is  No.  4  and  the 
parallel-running  position  is  No.  7. 
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In  Fig.  23  IS  ii>dicated  the  connections  of  the  battery,  the 
controller  and  the  motors  for  step  1  and  step  6  of  the  controller. 
The  five  lower  fingers  of  the  controller  are  connected  to  leads 
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from  the  resistor.  The  sections  of  the  resistor  are  short-circuited 
as  the  corresponding  fingers  touch  casting  2  on  steps  2,  5,  4t  ^» 
and  7. 


CONTROL  FOR  GASOLENE-ELECTRIC  CAR 

40.  In  Fig.  24  is  shown  a  car-wiring  diagram  for  a  gasoline- 
electric  car  with  a  750-volt,  commutating-pole  generator  direct- 
connected  to  a  gasoline  engine,  a  series-parallel  controller,  and 
two  commutating-pole  motors  moimted  on  the  car  axles.  The 
controller  serves  for  changing  the  connections  of  the  two  motors, 
and  for  adjusting  the  generator  voltage  by  means  of  a  rheostat 
in  its  shunt-field  circuit.  The  engine  is  started  by  compressed 
air  from  the  brake  system. 

Fig.  25  shows  the  current  paths  for  the  first  and  last  positions 
of  the  controller.  In  the  first  position,  the  two  motors  are  in 
series  and  the  generator-field  excitation  is  least,  giving  low 
voltage  for  starting.  In  the  last  position,  the  two  motors  are 
in  parallel  and  the  generator  voltage  is  highest,  giving  highest 
car  speed. 
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EFFICIENCY  TESTS 


INTRODUCTION 


COMPARISON  OF  METHODS 

1.  The  commercial  eflSciency  of  a  generator,  or  a  motor, 
is  the  ratio  of  the  output  to  the  input,  both  being  expressed 
in  the  same  unit  of  power.  An  earlier  method  for  determin- 
ing this  ratio  was  to  run  the  machine  under  full-rated  load 
conditions  and  to  actually  measure  both  the  input  and  the 
output;  by  dividing  the  output  by  the  input,  the  efficiency 
was  at  once  determined.  Some  of  the  later  methods  of 
testing  do  not  necessitate  full-load  operation.  The  machine 
in  such  a  test  is  run  as  a  motor  without  load,  and  the  losses 
are  determined  by  tests  and  by  calculation. 

The  output  of  a  machine  must  be  equal  to  the  input  minus 
all  the  losses  that  occur;  or,  the  output  plus  the  losses  equals 
the  input.  Knowing  either  the  input  or  the  output  and  the 
losses,  the  efficiency  may  be  calculated.  If  the  way  that  the 
losses  vary  with  the  output  or  the  input  is  known,  the  effi- 
ciency throughout  the  range  of  load  may  be  calculated. 

2«  The  advantages  of  the  running-light  method  over  the 
earlier  method,  of  which  the  Prony-brake  test  is  an  example, 
are:  (1)  The  machine  need  not  be  run  under  full-load  cond^ 
tion,  as  the  losses  can  be  determined  from  data  taken  at  light 
load,  and  the  full-load  values  calculated  approximately.  This 
saves  power  and  does  not  require  bulky  apparatus  for  absorb- 
ing the  load.     (2)  The  results  are  more  accurate.    Since  the 
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losses  are  small  compared  with  the  total  input,  a  moderate 
percentag^e  of  error  in  the  small  measurements  produces  only 
little  effect  on  the  final  efficiency;  whereas,  with  the  same 
percentas:e  of  error  in  the  older  method,  in  which  total 
measurements  are  used,  the  efficiency  is  liable  to  an  error  at 
least  as  s^reat  as  the  errors  of  the  reading^s. 

A  disadvantag^e  is  that  in  some  machines  the  manner  in 
which  the  losses  in  the  machine  under  test  vary  with  the  load 
may  not  be  definitely  known.  Generally,  however,  it  is  suffi- 
ciently accurate  to  assume  that  the  machine  meets  the  averag^e 
conditions  determined  by  numerous  tests  on  the  same  general 
type  of  apparatus.  This  is  especially  true  for  direct-current 
apparatus.  

liOSSES 

3.  The  losses  occurring  in  a  generator  or  a  motor  come 
under  the  following  headings: 

1.  Bearing  friction  and  windage,  together  with  brush 
friction  on  the  commutator  or  on  the  slip  rings.  This  may 
all  be  classed  roughly  as  a  friction  loss,  and,  with  constant 
speed,  can  be  considered  as  independent  of  the  load;  that  is, 
these  losses  may  be  assumed  to  remain  constant  at  all  loads. 
Where  a  machine  is  mounted  on  the  shaft  of  a  prime  mover  in 
such  a  manner  that  it  cannot  be  separated  therefrom,  the  fric- 
tional  losses  in  bearings  and  in  windage  should  be  excluded 
from  the  efficiency  calculations,  owing  to  the  practical  impos- 
sibility of  determining  them  satisfactorily. 

2.  PR  loss  in  the  armature,  where  /  is  the  current  in  the 
armature  and  R  the  resistance  of  the  armature.  This  loss 
changes  greatly  under  different  load  conditions,  but  by  means 
of  tests  and  calculation  may  usually  be  definitely  determined. 

3.  PR  loss  in  the  shunt-field  and  series-field  windings, 
each  being  calculated  separately.  In  a  self-exciting  machine, 
the  losses  in  the  field  rheostat,  the  shunt  winding,  and  the 
shunt  to  the  series  field  are  included  in  the  field  losses. 
For  the  shunt  winding  on  a  constant-potential  machine,  the 
loss  does  not  vary  greatly  for  different  loads;  in  an  overcom- 
pounded  generator,  the  shunt-field  loss  increases  somewhat  as 
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the  terminal  voltas:e  increases.  The  loss  in  the  series  wind* 
ing:  varies  for  different  load  conditions,  since  the  current 
through  the  series  winding  is  changed. 

4.  PR  loss  in  the  brushes,  and  brush  contact  due  to  the 
current  flowing  against  the  resistance  offered  by  the  brushes 
and  by  their  contact  with  the  commutator.  The  resistance 
of  carbon  brushes  decreases  as  the  current  heats  the  brush. 
It  is  difl&cult  to  state  exactly  the  value  of  the  brush  resistance 
or  the  drop  in  volts  caused  by  the  current  and  brush  resist- 
ance, since  the  composition  of  the  brush,  the  current  density, 
the  brush  temperature,  the  speed  of  rotation  of  the  com- 
mutator, and  the  brush  pressure  are  all  factors  in  determining 
the  values.  In  the  case  of  carbon  brushes  worked  at  a 
density  of  from  30  to  40  amperes  per  square  inch  of  contact 
surface,  it  is  usually  sufficiently  accurate  to  allow  a  drop  of 
about  2  volts  for  the  complete  set  of  brushes.  The  drop 
in  volts  multiplied  by  the  armature  current  gives  the 
approximate  PR  brush  loss. 

The  relation  between  current  density  and  drop  in  volts  in 
the  set  of  brushes  may  be  expressed  with  approximate  accu- 
racy, when  ordinary  carbon  brushes  are  used,  by  the  following 
statements: 

Up  to  10  amperes  per  square  inch,  current  density,  the 
drop  for  every  ampere  per  square  inch  is  .125  volt. 

Above  10  amperes  per  square  inch,  current  density,  the 
drop  is  1.25  volts  +  .025  volt  for  every  ampere  per  square 
inch  above  10. 

For  5  amperes  per  square  inch,  the  drop  is  .125  X  5  =  .625 
volt.  For  40  amperes  per  square  inch,  the  drop  is  1.25  +  (40 
-  10)  X  .025  =  1.25  +  .75  «=  2  volts. 

5.  Molecular  magnetic  friction,  or  hysteresis,  due  to  the 
constant  reversals  of  magnetism  in  the  armature  core.  This 
varies  under  different  speed  and  voltage  conditions,  and 
should  be  determined  with  these  conditions  at  normal  value, 
since  they  do  not  usually  vary  in  any  simple  proportion 
according  to  the  speed  or  to  the  voltage. 

6.  Eddy-current  losses  in  the  armature  core,  in  the  pole 
faces,  in  wide  conductors,  and,  in  the  case  of  cross-connected 
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armattires,  the  losses  brousfht  about,  under  certain  conditions, 
by  cross-currents  from  one  portion  of  the  windings  to  another 
portion.  The  eddy-current  losses  are  usually  small  in  direct- 
current  machines,  but  are  of  more  importance  in  alternating- 
current  machines. 

The  sum  of  these  losses  corrected  for  full-load  conditions 
gives  the  total  loss  at  full  load.  The  output  divided  by  the 
output  plus  the  losses,  and  the  result  multiplied  by  100,  or 
the  input  minus  the  losses  divided  by  the  input,  and  the 
result  multiplied  by  100,  equals  the  efficiency  expressed  in 
per  cent.  By  calculation  and  test  the  losses  for  a  few 
different  loads  may  be  determined,  and  an  efficiency  curve 
constructed  that  will  show  very  closely  the  efficiency  at 
any  load  within  the  range  of  the  machine. 


DIRECT-CURRENT  MACHINES 


RESISTANCE  MEASUREMENTS 

4.  Metliods  of  Making:  Tests. — The  resistance  of  field 
coils,  the  armature,  and  brushes  vary  under  different  load 
conditions;  but,  in  the  calculations,  it  is  customary  to  use 
the  constant  values  of  resistance  that  the  apparatus  assumes 
during  continuous  operation  at  normal  load.  If  convenient 
to  load  the  machine,  the  resistance  measurements  may  be 
made  after  a  run  that  is  sufficiently  long  for  the  machine  to 
assume  a  constant  temperature.  This  may  be  from  6  to 
18  hours,  according  to  the  size  and  construction  of  the  appa- 
ratus. In  case  the  machine  cannot  be  loaded  conveniently, 
the  cold  resistances  may  be  measured  and  then  corrected  for 
a  normal  value  of  temperature  rise.  This  may  have  been 
stated  in  the  machine  specifications,  but  if  not,  approximately 
correct  results  may  be  obtained  by  assuming  a  rise  of  from 
25°  to  40°  C.  above  room  temperature.  The  standard  room 
temperature  is  usually  taken  as  25°  C. 

The  measurement  of  low  resistances,  such  as  those  of 
armatures  and  series-field  coils,  requires  special  precautions. 
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since  the  values  are  very  small.  For  this  reason,  the  ordi- 
nary Wheatstone  brids:e  is  not  suitable.  A  potentiometer, 
however,  may  be  used  satisfactorily  if  available. 

The  resistance  measurement  most  frequently  used  is  known 
as  the  **fall-of-potential  method."  The  resistance  to  be 
measured  and  a  known  resistance  of  about  the  same  value 
and  of  sufficient  carrying  capacity  to  transmit  the  current 
necessary  for  readable  deflections  without  undue  heating  are 
connected  in  series  in  a  circuit  through  which  a  steady  current 
flows,  preferably  from  a  storage  battery.  By  means  of  a 
low-reading  voltmeter,  the  drops  of  potential  are  measured 
across  the  terminals  of  the  unknown  and  the  known  resist- 
ance. The  currents  must  have  the  same  value  when  each 
measurement  is  made;  therefore,  it  is  well  to  insert  an 
ammeter  in  the  circuit  in  order  to  check  current  readirgs. 
If  the  currents  are  of  the  same  value,  the  drops  of  potential 
are  directly  proportional  to  the  resistances. 

Let  X  =  unknown  resistance; 
R  =  known  resistance; 

V*  =  voltmeter  reading  when  connected  across  X\ 
V  =  voltmeter  reading  when  connected  across  R. 

Then,  X:R  ^  V':V 

or,  ^  =  ~F" 

If  a  known  resistance  is  not  available,  the  resistance  of 
the  field  coils  or  of  the  armature  may  be  determined  by 
allowing  current  to  flow  through  the  part  to  be  measured 
and  then  dividing  the  drop  of  potential  across  the  terminals 
by  the  current  flow  through  the  device. 

5.  Preoaatlons. — In  measuring  the  resistance  of  arma- 
tures, the  shunt-field  circuit  should  be  opened,  and  the  volt- 
meter leads,  consisting  of  flat  copper  strips,  should  be  placed 
tinder  adjacent  brushes  of  opposite  polarity  in  such  a  man- 
ner that  firm  contact  with  the  commutator  is  secured.  All 
of  the  brushes  should  be  well  fitted  to  the  commutator. 
Further  precautions  are  necessary,  depending  on  the  type 
of  armature.     If   the   armature   is  parallel   wound,  it  will 
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probably  have  balancinsf  rings  or  cross-connecting  rings. 
The  armature  should  be  turned  so  that  the  brushes  bear  on 
commutator  segments  connecting  as  directly  as  possible  to 
the  balancing  rings.  Fig.  1  shows  the  proper  position  for 
the  brushes;  Bx+  and  Bt+  are  in  contact  with  commutator 
segments  connected  to  the  same  balancing  ring,  while  Bx— 


Pio.  1 

and  Bn—  rest  on  other  segments  connected  to  another 
balancing  ring.  A  reading  of  the  voltmeter  should  be  taken 
with  the  brushes  in  the  position  shown;  then,  the  armature 
should  be  moved  so  that  the  brushes  bear  on  segments  con- 
nected to  another  pair  of  balancing  rings,  and  a  second  read- 
ing taken.  The  mean  of  the  two  readings  should  be  used. 
When  the  brushes  are  on  segments  that  are  cross-connected 
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by  balancing:  rings,  all  the  parallel  circuits  of  the  armature 
are  connected  in  parallel,  independently  of  the  brushes;  and, 
as  the  voltage  drop  is  taken  across  the  commutator,  and  not 
across  the  brushes,  the  effects  resulting  from  unequal  con- 
tact between  brushes  and  commutator  are  eliminated. 

In  a  series-wound  armature  or  a  parallel-wound  armature 
without  balancing  rings,  the  precautions  to  be  taken  are  to 
have  the  brushes  well  fitted  and  to  connect  the  voltmeter 
leads  directly  to  commutator  segments  situated  the  correct 
distance  apart.  This  distance  is  equal  to  the  total  number  of 
segments  divided  by  the  number  of  poles.  In  these  arma- 
ture measurements,  the  brush  resistance  is  excluded,  since 
the  voltmeter  terminals  are  placed  on  the  commutator  bars. 

6.  The  brush  resistance  plus  the  armature  resistance  may 
be  measured  by  connecting  the  voltmeter  terminals  to  the 
bus-rings,  shown  in  Fig.  1,  care  being  taken  that  the  brushes 
are  placed  so  as  to  connect  as  directly  as  possible  with  the 
balancing  rings.  This  measurement  is  subject  to  errors, 
since  the  resistance  of  the  brushes  and  their  contact  resist- 
ance with  the  commutator  differ  for  different  current  densi- 
ties; also,  if  the  brushes  are  not  well  fitted,  the  contact 
resistance  may  be  far  from  normal. 

It  is  usually  better  to  measure  the  armature  resistance 
alone,  by  placing  the  voltmeter  terminals  on  the  commutator 
bars,  and  then  make  allowance  for  the  drop  in  voltage  due 
to  the  current  flowing  through  the  brush  resistance  and  the 
contact  resistance. 

7.  When  making  the  resistance  measurements  of  the 
series-field  coil  (the  series-field  coil  being  in  parallel  with  its 
adjusted  series  shunt),  the  voltmeter  terminals  should  make 
contact  directly  with  the  terminals  of  the  series  coils.  The 
coil  terminals  should  be  sandpapered,  if  necessary,  in  order 
to  secure  good  contact  with  the  voltmeter  wires.  The  loss 
in  the  shunt-field  windings  may  be  determined  by  another 
method,  as  explained  later. 

8.  Temperature  Corrections. — The  cold-resistance 
values  of  the  armature  and  the  series  coil  may  be  corrected 
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for  full-load  conditions.  A  temperature  coefficient  of  .38  per 
cent,  per  degree  centigrade  for  an  initial  room  temperature 
of  25°  C.  may  be  assumed  for  the  copper  conductors.  First, 
assume  a  rise  of  25°  C;  the  increase  in  resistance  is  approx- 
imately (.0038  X  25)  100  =  9.5  per  cent.  By  increasing  the 
cold  resistance  9.5  per  cent.,  or  multiplying  the  cold  resist- 
ance by  1.095,  the  hot  resistance  is  determined.  If  an 
increase  in  temperature  of  40°  C.  is  assumed,  the  increase  in 
resistance  is  (.0038  X  40)  100  =  15  per  cent.  By  increasing 
the  cold  resistance  15  per  cent.,  or  multiplying  the  cold 
resistance  by  1.15,  the  hot  resistance  is  determined. 

The  corrected  resistance  of  a  part  of  the  machine  multi- 
plied by  the  square  of  the  current  passing  through  it 
gives  the  PR  loss  in  that  part. 


BUNNING-IilGHT  TEST 


GBNBRATOR   TBST 

9.  Preparations  for  Test. — In  order  to  determine  the 
combined  friction,  core,  and  eddy-current  losses  of  a  genera- 
tor, the  machine  should  be  driven  as  a  motor  without  load  and 
the  input  measured.  The  machine,  if  new,  should  be  run 
about  an  hour  before  taking  readings,  in  order  that  the  bear- 
ings may  become  thoroughly  lubricated.  The  test  may  be 
made  with  the  machine  cold,  and  little  error  will  be  intro- 
duced. The  speed  must  be  the  same  as  the  rated  generator 
speed  in  order  to  have  the  same  windage  and  friction  losses. 
The  speed  may  be  adjusted  by  the  shunt-field  rheostat.  The 
field  excitation  should  be  as  near  as  possible  that  required 
when  the  machine  is  a  generator  and  is  delivering  its  full  load. 

The  electromotive  force  applied  to  the  terminals  when  the 
generator  is  running  as  a  motor  should  be  higher  than  the 
normal  terminal  voltage  when  running  as  a  generator.  This 
is  done  in  order  that  the  counter  electromotive  force  gen- 
erated in  the  motor  armature  (which,  when  the  motor  is 
running  light,  is  nearly  the  same  as  the  electromotive  force 
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impressed  on  the  motor  terminals)  will  be  about  the  value 
of  the  total  electromotive  force  generated  in  the  generator 
armature.  This  total  generated  electromotive  force  at  full 
load  is  equal  to  the  generator-terminal  electromotive  force 
plus  the  drops  in  voltage,  under  full-load  conditions,  in  the 
brushes,  series-field  coil,  and  armature. 

The  exact  value  of  these  drops  may  not  be  known,  and 
the  values  may  differ  on  different  types  of  machines,  but  on 
some  testing  floors,  a  value  of  3  volts  for  every  125  volts  of 
the  rating  of  the  generator  is  allowed  when  testing  for  full- 
load  efficiency.  This  means  that  if  the  rated  voltage  of  the 
generator  is  250  volts,  the  electromotive  force  applied  to 
the  motor  terminals  should  be  256  volts. 

10.  Running  as  a  motor  in  this  way,  the  line  supplies 
energy  to  overcome  the  bearing  and  brush  friction,  the 
windage,  the  core  losses,  and  the  eddy-current  loss  in 
the  conductors.  There  is  some  PR  loss  in  the  armature 
during  the  test,  due  to  the  flow  of  the  small  armature  cur- 
rent against  the  armature  resistance.  For  extremely  accurate 
work,  this  PR  loss  may  be  subtracted  from  the  running-light 
loss.  This  PR  loss,  however,  is  usually  so  small  that  no 
appreciable  error  is  made  in  the  final  result  if  it  is  neglected 
in  the  calculations;  it  should,  however,  be  noted  and  allow- 
ance made  for  it  if  the  loss  in  any  case  is  found  to  be  of 
sufficient  importance. 

11.  Test  Connections. — The  connections  for  this  test 
are  shown  in  Fig.  2,  where  /^  is  an  ammeter  connected  in 
series  with  the  armature  of  the  machine  to  be  run  as  a 
motor.  Care  should  be  taken  that  the  ammeter  is  so  con- 
nected as  to  measure  only  the  armature  current  and  not  the 
armature  and  shunt-field  current.  ^  is  a  voltmeter  for 
measuring  the  electromotive  force  applied  to  the  armature 
terminals,  and  C  is  an  ammeter  connected  to  the  shunt- 
field  coil.  The  ammeters  are  protected  by  short-circuiting 
switches,  which  are  opened  only  when  a  reading  is  to  be 
made.  D  is  the  armature;  /%  the  shunt  field;  SF,  the  series 
field,  not  used  in  this  test;  R^  the  shunt-field  rheostat;  5,  the 
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main  switch;  CB^  the  circuit-breaker,  and  WB  a  water  rheo- 
stat, or  better,  a  metal  rheostat,  or  a  booster  for  adjusting 
the  voltage  applied  to  the  armature  terminals.  A  tachometer 
is  used  to  measure  the  speed  of  the  machine  at  any  instant. 


Pio.  2 

It  is  necessary  that  the  speed  conditions  should  be  known 
at  the  instant  the  other  instruments  are  read;  therefore,  a 
tachometer  is  used  instead  of  a  revolution  counter,  which 
shows  only  the  average  speed  for  a  given  length  of  time. 

12.  Position  of  Brushes. — The  motor  is  started  by 
throwing  in  the  circuit-breaker  CB  and  closing  switch  5, 
WB  being  used  as  a  starting  rheostat.  The  brushes  should 
be  set  at  the  no-load  neutral  position.  This  position  may 
be  determined  as  follows:  While  the  motor  is  running, 
voltmeter  points,  connected  to  a  voltmeter  F,  Fig.  3,  read- 
ing about  15  volts,  are  held  on  the  commutator  surface  a 
distance  apart  equal  to  the  space  between  the  centers  of  two 
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adjacent  commutator  bars.  These  points  are  moved  back 
and  forth  over  the  circumference  of  the  commutator  until  a 
position  is  reached  where 
the  voltmeter  either  reads 
zero  or  gives  the  minimum 
reading.  This  is  the  no- 
load  neutral  position^  and 
the  brushes  are  set  accord- 
ingly. 

13.  Condnct  of  Test* 

The  resistance  in  the  rheo- 
stat WB,  Fig.  2,  should 
now  be  adjusted,  either  by 
changing  the  distance  be- 
tween the  plates  or  by 
adding  a  little  more  salt 
to  the  water,  until  the 
counter  electromotive  force  is  of  correct  value.  In  this 
case,  the  counter  electromotive  force  is  practically  the  same 
as  the  applied  electromotive  force. 

The  speed  is  brought  up  to  its  rated  value  by  adjusting 
the  field  rheostat.  The  man  that  takes  the  tachometer  read- 
ing adjusts  the  speed.  When  the  speed  and  the  voltage  are 
correct,  the  two  ammeters,  the  voltmeter,  and  the  tachom- 
eter are  read  as  near  as  possible  at  the  same  time.  It  will 
be  found  that  the  readings  of  ammeter  A  will  vary  some* 
what,  but  if  care  is  taken  to  read  it  only  after  the  speed  has 
been  correct  for  at  least  10  seconds,  the  ammeter  needle  will 
be  steady  and  the  values  will  not  vary  greatly.  Five  sets 
of  readings  should  be  taken  at  each  load  point,  and  the 
average  of  these  readings  should  be  used. 

14.  Test-Sheet  Data. — The  readings  should  be  recorded 
on  a  prepared  test  sheet  similar  to  that  shown  in  Fig.  4. 
The  resistance  measurements  of  the  armature  and  the  series 
field  in  parallel  with  its  shunt  should  be  recorded  first.  It  is 
assumed  that  the  cold-resistance  values  are  obtained  and 
then  the  hot  resistances  calculated.    The  values  recorded  on 
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D.-C.  Motor  or  Gbnbrator 


Date. 


TesUd  by^ 


RaHng,  600  K.  W.        Volts,  675.       Amperes,  870,       Speed,  400  R,  P,  M. 

Machine  No,  1,    Dimension  of  Brushes,  \in.X  li  in.    Number  of  Studs,  8. 

Number  of  Brushes  per  Stud,  8,        Current  Density,  22  Amps, 

Rbsxstancb  Mbasurbmbnts 


Armature 

Series  Field  and  Series-Field  Shunt 

Volts 

Ampt. 

Res..  Cold 

Res..  Hot 

Calculated 

Volts 

Amps. 

Res..  Cold 

Res..  Hot 

Calculated 

.0435 

6 

.00725 

.00794 

.0388 

20 

.00194 

.002045 

RuNKiNo '  Light 


Volts 

Amps,  of  Arm. 

Watts 

Amps.  Shunt 

Speed 

525 

28.7 

15,068 

5.76 

400 

540 

29.2 

15.768 

400 

556 

29.7 

16,513 

400 

571 

30.4 

17.358 

400 

586 

30.9 

18,107 

400 

601 

31.7 

19.052 

400 

EFFICIBIfCT  AlfD  LOS8B8 


Per-Cent.  Load 


n 


so 


75 


Terminal  volts  as 
generator     .... 

Amps.,  line     .•  .   .   . 

Amps.,  shunt  field   . 

Amps.,  arm 

Amps.,  series  field 
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the  sheet  shown  in  Pig:.  4  were  based  on  actual  measure- 
ments. The  temperature  rise  of  the  armature  was  about 
25^  C.  The  temperature  rise  correspondins:  to  the  increase 
in  resistance  of  the  combined  series  field  and  series-field  shunt 
is  about  14^  C.  The  temperature  rise  of  the  series  field  alone 
is  somewhat  more  than  this»  since  the  series-field  shunt 
changes  in  resistance  but  little  with  increased  temperature. 
The  resistance  measurements  may  be  made  either  by  the 
aid  of  a  low-reading:  ammeter  and  a  millivoltmeter  or  by 
comparing:  the  drops  across  the  known  and  the  unknown 
resistances,  as  previously  described.  Enoug:h  current  should 
be  allowed  to  fiow  through  the  resistance,  so  that  a  readable 
deflection  on  the  millivoltmeter  connected  across  the  ter- 
minals of  the  resistance  can  be  obtained.  A  rheostat  may 
be  used  to  control  the  current. 

16.  The  running:-lig:ht  readings  are  now  taken.  The 
machine  is  run  as  a  motor,  and  the  voltage  applied  to  the 
armature  terminals  is  adjusted  so  that  the  counter  electro- 
motive force  is  525  volts,  which,  in  this  case,  is  the  rated 
no-load  voltage.  The  speed  is  adjusted  to  the  correct  rated 
value,  and  readings  are  taken  on  the  instruments  A,  B,  and  C, 
Fig.  2.  The  product  of  the  volts  and  the  armature  amperes 
equals  the  sum  of  the  bearing  friction,  brush  friction,  wind- 
age, hysteresis,  and  eddy-current  losses  at  no  load.  The 
PR  armature  loss  is  usually  negligible  at  no  load. 

As  just  stated,  the  rated  no-load  voltage  of  the  machine 
under  consideration  is  525,  and  the  full-load  voltage,  575. 
The  rise  in  voltage  is  50.  At  25-per-cent.  load,  the  generator 
terminal  voltage  is  525  +  ^  =  537.5;  at  50-per-cent.  load, 

525  +  ¥  =  550;  at  75-per-cent.  load,  525  +  ^^^^  =  562.5; 

4 

at  100-per-cent.  load,  525  +  50  =  575;  and  125-per-cent  load, 

525  +  ^f  "  =  587.5.    The  corresponding  outputs  are  125, 
4 

250,  375,  500,  and  625  kilowatts. 

At  these  loads,  the  current  that  flows  through  the  line  when 

the  machine  is  operating  as  a  generator  is  found  by  dividing 

the  watts  output  by  the  terminal  voltage. 
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A  Ions:  shunt  connection  is  used  in  this  machine,  so  that 
the  current  for  the  shunt  field  flows  through  both  the  arma- 
ture and  the  series-field  circuit.  The  shunt-field  current  may 
be  assumed  to  increase  in  proportion  to  the  increase  in  ter- 
minal electromotive  force.  The  overcompounding  is  accom- 
plished by  the  series  coils.  At  no  load,  the  shunt-field 
current  is  5.76  amperes,  as  found  by  ammeter  C,  Fig.  2; 

537  5 
at  25-per-cent.  load,  the  current  is  6.76  X   ^'    =  5.9  amperes; 

525 

at  50-per-cent.  load,  the  current  is  6.76  X  -^  =  6.03  amperes, 

525 

etc.     The  values  of  the  shunt  current  should  be  recorded  in 

Fig.  4;  and  to  obtain  the  armature  and  series-field  current, 

the  shunt  current  should  be  added  to  the  line  current. 

16.  The  values  of  terminal  voltages  as  a  generator,  and 
the  amperes  in  the  line,  in  the  series  field  and  its  shunt,  and 
in  the  armature  are  recorded  as  shown.  The  IH  drops  in 
the  armature,  series-field  circuit,  and  brushes,  at  the  different 
load  points,  are  found  by  multiplying  the  armature  current 
by  the  hot  resistance  of  the  armature  plus  the  hot  resistance 
of  the  combined  series  field  and  its  shunt,  and  adding  to  this 
the  drop  in  volts  caused  by  the  brushes  and  brush-contact 
resistance.  The  hot  resistance  of  the  armature  and  series- 
field  circuit  is  .00794  +  .002045  =  .009985  ohm. 

The    current    density    in    the    brushes    at    full    load   is 

87fi  ^ 
'     — —  =  22  amperes  per  square  inch.     For  this 

1  X  1.25  X  o  X  4 

rather  low  density,  the  brush  drop  might  be  somewhat  under 

2  volts,  but  the  approximate  value  of  2  volts  will  be  used  in 
the  calculations  for  full-load  conditions  and  for  the  set  of 
brushes  (four  positive  and  four  negative  groups).  Brush- 
resistance  data  is  rather  difficult  to  determine  with  g^reat 
accuracy.  An  approximate  value  based  on  experimental 
carbon-brush  data  is  close  enough  for  ordinary  purposes, 
since  a  slight  inaccuracy  makes  little  difference  in  the  calcu- 
lated machine  efficiency.  For  a  load  of  25  per  cent.,  allow 
2  X  i  =  .5  volt;  for  50  per  cent.,  2  X  i  =  1  volt;  for  76  per 
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cent.,  2x1=  1.5  volts;  for  100  per  cent.,  2  volts;  for  126 
per  cent.,  2  X  i  =  2.5  volts. 

The  whole  I R  drop  at  a  load  of  25  per  cent,  equals 
238.4  X  .009985  +  .5  =  2.9  volts;  at  50  per  cent.,  461  X  .009986 
+  1  =  6.6  volts;  at  75  per  cent.,  672.2  X  .009985  +  1.5  =  8.2 
volts;  at  100  per  cent.,  876.3  X  .009986  +  2  =  10.7  volts;  at 
125  per  cent.,  1,071  X  .009985  +  2.5  =  13.2  volts.  Record 
these  values  of  drops  in  voltage  and  add  them  to  the  corre- 
spondmg  values  of  generator-terminal  voltage  in  order  to 
obtain  the  running-light  motor  volts. 

17.  Make  a  running-light  test  for  each  of  these  values  of 
motor  volts,  in  order  to  obtain  the  friction  and  core  losses 
corresponding  to  the  diflEerent  load  points.  The  friction 
losses  change  only  slightly  for  the  different  loads  so  long  as 
the  speed  is  gonstant,  but  the  core  losses  increase  with 
increasing  load,  due  to  the  greater  density  of  the  lines  of 
force  brought  about  by  the  higher  excitation. 

Record  the  motor  volts,  the  armature  amperes,  and  the 
watts  (product  of  motor  volts  and  armature  amperes) 
obtained  from  the  running-light  readings.  Also  record 
the  watts  under  the  side  heading  friction  and  core  losses. 

18.  The  PR  s^mature  loss  is  found  by  multiplying  the 
square  of  the  armature  current  by  the  hot  resistance  of  the 
armature.     At  full  load,  876.3*  X  .00794  =  6,097  watts. 

The  /"  R  loss  in  the  shunt  field  and  rheostat  is  found  by 
multiplying  the  calculated  shunt-field  current  by  the  gen- 
erator-terminal volts.  With  the  exception  of  the  first  value, 
5.76  amperes,  the  values  of  the  shunt  current  obtained 
from  the  running-light  test  are  not  used  in  determining 
the  PR  loss  in  the  shunt  field.  This  is  due  to  the  fact 
that  the  generator  values  of  shunt-field  current  would  not 
be  the  same  as  the  motor-test  values  because  of  the  absence 
of  the  series  field  during  the  test.  At  full  load,  6.31  X  576 
=  3,628  watts. 

PR  series  field  and  series-field  shunt  loss  equals  the 
product  of  the  square  of  the  current  flowing  through  the 
series-field  circuit  and  the  hot  resistance  of  the  combined 
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series  coil  and  its  shunt.      At  full  load,  876.3'  X  .002045 
=  1,670  watts. 

The  PR  brush  loss  is  determined  by  multiplying  the  arma- 
ture current  at  any  load  point  by  the  drop  in  volts  allowed 
for  the  brushes  at  that  point.  At  25-per-cent.  load,  238.4  X  .5 
=  119  watts;  at  50-per-cent.  load,  461  X  1  =  461  watts;  at 
75-per-cent.  load,  672.2  X  1.5  =  1,008  watts;  at  100-per-cent. 
load,  876.3  X  2  =  1,753  watts;  at  126-per-cent.  load,  1,071 
X  2.6  =  2,678  watts. 

19.  The  losses  are  recorded  on  the  test  sheet,  and  the 
sum  of  the  losses  is  computed  for  each  load  point.  The 
total  loss  added  to  the  output,  both  expressed  in  kilowatts, 
equals  the  kilowatt  input.  The  commercial  efficiency  of  the 
machine,  expressed  in  per  cent.,  equals  the  output  divided 
by  the  input  and  the  quotient  multiplied  by  100. 

20.  Efficiency  Curve. — An  efficiency  curve  may  be 

plotted  similar  to  the  one  shown  in  Fig.  5.     The  values  of 
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the  efficiencies  are  laid  off  as  ordinates,  and  the  load  points, 
or  kilowatts  output,  are  laid  off  as  abscissas.  The  data  for 
this  curve  is  taken  from  the  test  sheet.  The  test  sheet  and 
curve  should  be  filed  for  future  reference. 
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MOTOR    TEST 

21.  A  shunt  or  a  compound  motor  may  be  tested  in  a 
manner  similar  to  that  just  described  for  a  g:enerator,  pro- 
vided the  test  is  slightly  modified  to  suit  the  altered  condi- 
tions. The  connections  shown  in  Fig:.  2  and  a  test  sheet 
similar  to  that  shown  in  Fig:.  4  may  be  used.  In  the  case 
of  a  compound  motor,  the  series  field  should  be  disconnected 
during:  the  running-lig:ht  test. 

The  losses  are  similar  to  those  in  a  g:enerator;  namely, 
friction  and  core  losses  Lu\  armature  loss  Im*  Rm,  armature 
current  squared  times  the  hot  armature  resistance;  series-field 
loss  Im  R,ty  armature  current  squared  times  the  hot  series- 
coil  resistance;  brush  loss  /,"  R^^  or  h  V^,  armature  current 
squared  times  the  brush  resistance,  or  armature  current  times 
volts  drop  in  brushes;  shunt-field  loss  I,*  Rs,  or  I^E,  hot 
shunt-field  current  squared  times  the  hot  shunt-coil  resist- 
ance, or  shunt-field  current  times  the  line  voltage. 

The  input  at  full  load  Im  E  equals  the  motor  current,  usu- 
ally marked  on  the  name  plate  of  the  machine,  multiplied  by 
the  line  voltage.  The  motor  current  equals  the  sum  of  the 
armature  current  and  the  hot  shunt-field  current.  The  out- 
put W,,  expressed  in  watts,  at  full  load  equals  the  rated 
horsepower  of  the  motor,  usually  stated  on  the  name  plate, 
multiplied  by  746. 

The  input  equals  the  output  plus  the  losses;  the  relation  of 
the  values  may  be  expressed  as  follows: 

imE  ^w.  +  u  +  i:r.  +  i:r..  +  /.y,  +  le 

22.  The  cold  resistances  of  the  armature,  series  coil,  and 
shunt  coil  should  be  measured  and  corrected  for  a  normal 
temperature  rise.  Multiplying  the  cold  resistances  by  1.18 
will  give  approximately  correct  results.  The  current  /,  of 
the  hot  shunt  field  equals  the  line  voltage  divided  by  the  hot 
resistance  of  the  shunt  field.  If  the  motor  current  Im  for  full 
load  is  known,  subtract  from  it  the  shunt  current  in  order  to 
obtain  the  armature  current  /«. 

The  drop  in  volts  in  the  armature  and  series  field  equals 
/•  Rm  +  Im  Rs€>    To  this  add  an  allowance  of  from  2  to  2.5  volts 
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for  brush  drop  h  Rb^  The  total  drop  is  h  Ra  +  ImRst  +  h  Rk» 
When  making  the  running-light  test  to  determine  the  friction 
and  core  losses  at  full  load,  the  electromotive  force  applied 
to  the  armature  terminals  should  be  adjusted  by  rheostat  WB^ 
Fig.  2,  so  as  to  be  equal  to  the  counter  electromotive  force 
of  the  armature  at  full  load.  This  counter  electromotive 
force  equals  the  line  voltage  minus  the  total  drop.  The 
motor  speed  should  be  adjusted  by  field  rheostat  R,  Fig.  2, 
so  as  to  be  as  near  the  normal  full-load  speed  as  possible. 
The  brushes  should  be  placed  at  the  neutral  position. 

23.  The  Ltc  loss  equals  the  electromotive  force  applied 
to  the  armature  terminals  multiplied  by  the  current  flowing 
through  the  armature  during  the  running-light  test.  The 
/•"  Ra  +  la*  Ru  +  la  Vt  loss  equals-  the  total  drop  multiplied 
by  the  full-load  armature  current,  or  /«(Fa+  Vu+  F#). 
The  output  W0  is  known,  and  the  /sE  loss  can  be  calculated. 
If  the  current  marked  on  the  name  plate  is  correct,  the  out- 
put plus  the  calculated  losses  will  equal  the  input.  If  the 
full-load  current  is  not  known,  a  trial  value  of  current  may 
be  assumed,  a  running-light  test  made,  and  the  other  losses 
calculated.  If  the  assumed  current  satisfies  the  relation 
between  output,  losses,  and  input,  as  expressed  by  the 
formula  of  Art.  21,  it  is  correct;  if  not,  another  trial  value 
is  taken.  The  efficiency  equals  the  watts  output  divided  by 
the  watts  output  plus  the  watts  lost. 

24.  If  the  counter  electromotive  force  of  the  motor 
changes  only  slightly  during  the  range  of  load,  the  L^c  loss 
can  be  considered  constant;  the  /,  E  loss  may  also  be  con- 
sidered constant.  These  two  losses  may  be  called  constant 
losses.  Since  the  armature  current  changes  at  different  loads, 
the  la  Ra,  the  laRst,  and  the  /,  Fi  losses  will  change;  these 
may  be  called  variable  losses.  As  these  losses  change  nearly 
in  proportion  to  the  square  of  the  armature  current,  little 
error  is  introduced  in  the  final  result  if  the  variable  loss  for 
25-per-cent.,  or  i,  load  is  taken  as  tV  of  the  full-load  vari- 
able loss,  the  current  being  approximately  i  and  the  losses 
i  X  i  =  iV;   for  50-per-cent.   load,  tV,  or  i  X  i  =  i;  for 
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75-per-cent.  load,  A,  or  I  X  I  =  A;  for  125-per-cent.  load, 
"H,  or  i  X  f  =  ii.  Adding  the  constant  and  variable  losses 
for  the  difiEerent  load  points  produces  the  total  losses  at 
these  points,  and  the  corresponding  efficiencies  may  be 
calculated. 

If  greater  accuracy  is  desired  for  the  partial-load  points, 
an  efficiency  may  be  assumed  for  a  load  point,  and  the  motor 
current  calculated  by  multiplying  the  horsepower  at  that 
point  by  746,  and  dividing  by  the  product  of  the  assumed 
efficiency  (expressed  as  a  decimal)  and  the  line  voltage.  The 
losses  are  then  calculated.  If  the  calculated  input  equals  the 
output  plus  the  calculated  losses,  the  assumed  efficiency  is 
correct;  if  not,  another  assumption  may  be  made  and  tested. 
At  the  low-load  points,  the  current  will  be  somewhat  more 
than  one-fourth  or  one-haTf  the  full-load  value,  due  to  the 
lower  efficiencies. 

liOADING-BACK  TEST 

25.  Preparations  for  Test. — Where  two  direct-current 
generators,  or  motors,  of  the  same  type  and  capacity  are  avail- 
able, the  Hopkinson,  or  loadingr-back,  method  of  testing 
may  be  employed.  Both  machines,  one  acting  as  a  motor 
and  the  other  as  .a  generator,  are  made  to  carry  full  load, 
and  all  the  losses  are  measured  under  these  conditions. 

The  two  machines  are  belted  together,  or  have  their  shafts 
coupled,  so  that  the  one  that  acts  as  the  motor  may  mechan- 
ically drive  the  one  that  acts  as  the  generator.  Most  of  the 
current  necessary  to  drive  the  motor  is  delivered  by  the 
generator  armature,  but  enough  current  is  taken  from  a  power 
circuit  to  make  up  for  the  losses  in  the  motor  and  generator. 

26«  Test  Connections. — The  connections  for  a  loading- 
back  test  are  shown  in  Fig.  6,  where  WB  is  the  water-rheostat, 
or  other  regulating  device,  for  adjusting  the  voltage  of  the 
supply  circuit;  5  WB,  a  starting  water-rheostat  box  provided 
with  a  short-circuiting  switch;  Ai,  the  line  ammeter;  G,  the 
generator,  and  A^  its  armature  ammeter;  Af,  the  motor,  and  Am 
its  armature  ammeter;  />,  the  generator  shunt-field  ammeter; 
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Fmt  the  motor  shunt-field  ammeter;  Vg,  the  voltmeter  for  the 
srenerator  terminals;  Vm,  the  voltmeter  for  the  motor  terminals; 
Rgy  the  generator  field  rheostat;  Rmy  the  motor  field  rheostat; 
CB  and  C  B\  circuit-breakers;  and  5, 5^,  and  5^'  switches 
for  the  power  circuit,  gen- 
erator, and  motor.  Short- 
circuiting  switches  are 
provided  for  the  amme- 
ters. The  series-field  coil 
connections  of  the  motor 
are  the  reverse  of  those 
of  the  generator,  so  as 
to  make  an  accumulatively 
wound  motor. 

Fig.  7  shows  a  simpli- 
fied diagram  of  the  connections  for  the  test.  The  two 
machines  are  connected  in  parallel,  and  the  generator  and 
the  supply  circuit  furnish  cturent  to  the  motor. 

27.  Conduct  of  Test. — The  brushes  of  the  motor  and 
generator  should  be  moved  to  their  running  positions.  The 
motor  is  started  by  closing  circuit-breaker  CB  and  switches  5 
and  5^^  Fig.  6,  and  using  rheostat  5  WB  as  a  starting 
resistance.  When  the  motor  is  up  to  speed,  the  resistance  of 
rheostat  5  IV B  is  entirely  cut  out  by  the  short-circuiting 
switch. 

The  electromotive  force  of  generator  G,  indicated  by  Vg,  is 
built  up  until  it  is  equal  and  opposite  to  the  supply  voltage, 
as  indicated  by  Vm*  When  in  this  condition,  a.  voltmeter 
connected  across  the  open  switch  S*  will  read  zero  volts;  the 
voltage  of  G  should  then  be  increased  a  trifle,  so  that  the 
voltmeter  needle  inclines  slightly  backwards,  provided  it  had 
a  positive  reading  before  the  voltage  of  G  was  brought  up 
to  that  of  the  supply  circuit.  Circuit-breaker  OB'  and 
switch  S'  are  then  closed.  The  generator  G  will  furnish 
only  little,  if  any,  current  until  its  voltage  is  further  raised. 
This  is  done  by  cutting  out  some  of  the  resistance  in  the 
generator  field  rheostat,  thus  raising  the  generator  voltage 
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slightly  above  that  of  the  supply  mains.  Current  will  now 
flow  from  G  through  M.  Both  generator  G  and  motor  M 
begin  to  take  on  load.  Generator  G  alone  cannot  supply 
enough  current  to  motor  M  to  enable  the  motor  to  drive  G 
mechanically,  because  more  electric  power  is  required  to 
drive  M  than  M  can  mechanically  supply  to  C,  and  G  cannot 
transform  all  of  the  mechanical  power  it  receives  into  elec- 
tric power  for  M.  Hence,  the  amount  of  loss  in  each 
machine  must  be  compensated  by  electric  power  from  the 
supply  mains. 

28.  The  load  on  the  machines  is  increased  to  full-load 
conditions  by  cutting  out  resistance  in  the  generator  field 
rheostat  Rg  and  by  speeding  up  the  motor  by  cutting  in 
resistance  in  the  motor  field  rheostat.  Adjusting  rheostat 
WB  also  varies  the  current  output  of  the  armature  G,  since 
the  current  depends,  among  other  conditions,  on  the  differ- 
ence t^ptween  the  voltage  of  G  and  that  of  the  supply  circuit. 
The  voltage  of  G  must  be  held  at  its  normal  value. 

Great  care  must  be  exercised  when  loading  the  machines, 
as  a  small  change  in  the  strength  of  the  field  of  either 
machine  will  materially  alter  the  current  flowing.  This  is 
due  to  the  low  resistance  of  the  circuit  through  the  two 
armatures.  The  ammeters  Ag  and  Am  will  show  the  increase 
in  current  as  the  load  is  built  up.  The  current  through  the 
ammeter  At  will  increase  but  slowly.  The  load  should  be 
built  up  until  ammeter  Ag  shows  that  the  generator  is  fur- 
nishing its  full-load  current. 

The  speed  should  be  maintained  at  normal  value.  An 
operator  tests  the  speed  with  a  tachometer  and  adjusts  the 
motor  field  rheostat  Rm  as  found  necessary.  Adjustments 
should  be  made  with  care,  while  the  readings  of  the  instru- 
ments should  be  frequently  noted.  No  sudden  changes  in  any 
of  the  conditions  should  be  allowed,  because  of  the  danger  of 
throwing  the  various  magnetic  and  electric  values  involved 
out  of  balance,  and  thus  causing  excessive  current  flow. 

29.  The  set  should  be  run  under  full-load  conditions  lonsr 
enough  for  the   temperature  of  the  generator  to  become 
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constant  and  to  properly  bed  the  brushes  on  the  commutator. 
The  time  required  varies  for  different  machines  and  for  dif- 
ferent conditions  of  testing:;  it  may  be  from  6  to  18  hours. 

When  current  and  voltage  conditions  for  full  load  are  con- 
stant and  the  generator  has  attained  approximately  full-load 
temperature,  as  checked  by  a  thermometer,  the  readings  for 
efficiency  may  be  made.  Readings  are  taken  on  instruments 
Fg,  Fm,  Am,  At,  Vg,  Ag,  Fig.  6,  when  the  voltmeter  Vg,  the 
ammeter  Agy  and  the  tachometer  show  simultaneously  that 
the  generator  voltage,  the  current,  and  the  speed  are  correct. 
The  average  of  five  readings  should  be  used  and  recorded. 

30.  Test-Sheet  Data. — A  form  of  test  sheet  similar  to 
the  one  shown  in  Fig.  8  may  be  used.  The  output  of  the 
generator  is  equal  to  the  product  of  the  readings  of  instru- 
ments Ag  and  Vg^  Fig.  6,  or  Igm  X  V.  The  power  supplied  to 
the  motor  armature  is  the  product  of  the  reading  of  the 
voltmeter  Vg  and  the  sum  of  the  readings  of  ammeters  Ag 
and  Ati  which  is  totaled  by  the  reading  of  ammeter  Am. 
The  product  may  be  expressed  either  as  {Igs  +  It)  Vot  as 
ImX  V.  By  adding  to  this  the  shunt-field  losses  in  both 
machines,  or  (Ig,  +  Imf)  V,  the  result  is  the  total  input 
required  to  compensate  for  the  bearing  friction,  windage, 
core  losses,  and  /*  R  losses  of  both  machines  and  to  pro- 
vide the  actually  measured  generator  output  Iga  X  V.  The 
connecting  wires  should  be  of  such  size  that  there  is  little 
drop  of  potential  due  to  current  flowing  through  them, 
therefore,  the  readings  of  Vg  and  Vm  are  practically  alike. 

The  joint  efficiency  is  equal  to 

output    ^  IgaX    y  ^  Iga 

input  Urn  +/^+/mf)y°    /m  +  /^  +  Imi 

The  efficiency  of  each  machine  is  equal  to  A- '- — --. 

With  the  values  indicated  on  the  test  sheet,  the  efficiency  of 
each  generator  is  94.7  per  cent. 

31.  If  efficiencies  at  partial-load  points  are  desired,  the 
generator-armature  current  Ig»  and  the  generator  voltage  V 
are  adjusted  to  the  proper  values  for  the  selected  load  pointt 
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and  a  set  of  reading:s  tak^n.  The  speed  should  be  kept 
approximately  constant  during  the  tests  on  the  diflEerent  load 
points.  To  shut  down  the  test,  open  circuit-breakers  C  B^ 
C  B'y  and  switches  5, 5^  S"y  Fig.  6;  then  cut  in  the  resistance 
of  rheostat  5*  WB^  in  case  the  set  is  to  be  started  again. 


8ERIE8-MOTOB  TEST 
32«  Preparations  for  Test. — The  test  connections  for 
determining  the  efficiency  of  a  direct-current,  series-wound 
motor,  where  two  similar  motors  are  available,  are  shown  in 
Fig.  9.  The  shafts 
are  coupled  together 
so  that  the  motor  and 
generator  armatures 
may  rotate  in  unison. 
A  simple  method  of 
securing  this  result  is 
to  slip  an  iron  sleeve 
over  both  pinions. 
Setscrews  on  the 
sleeve  are  forced 
down  between  the 
teeth  of  the  pinions. 
The  statting  water 
rheostat  SWB,  the 
circuit-breaker  C  B, 
the  motor  armature 
M»y  the  motor  field 
Mty  and  the  field  of 
the  motor  that  is  to  act  as  a  generator  Gt  are  connected  in 
series  between  the  trolley  and  the  ground.  The  generator 
armature  G^  is  connected  to  a  water  rheostat  G  WB  for  the 
purpose  of  absorbing  the  load. 

33«  Conduct  of  Test. — Start  the  motor  by  closing 
circuit-breaker  C  B  and  switch  S,  and  operating  rheostat 
5  W B.  The  generator  is  separately  excited,  and  current 
will  flow  through  the  generator  rheostat  G  WB  as  soon  as 
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armature  Ga  starts  to  rotate. 
Adjust  rheostat  G  WB  until 
the  motor  ammeter  Am  shows 
the  proper  rated  full-load  cur- 
rent for  the  motor.  If  the  rated 
full-load  current  is  not  known, 
it  can  be  approximately  deter- 
mined by  multiplying  the  value 
of  the  rated  horsepower  by  746, 
and  then  dividing  by  the  prod- 
uct of  the  rated  voltage  and  an 
assumed  efficiency,  expressed  as 
a  decimal,  of  from  80  per  cent, 
for  small  motors  to  90  per  cent, 
for  large  motors,  or  approxi- 
mate input  current  equals  rated 
horsepower  X  746  —  assumed 
efficiency  X  rated  voltage. 

The  voltage  across  the  motor 
armature  and  its  field  coil 
should  be  approximately  the 
rated  voltage  (usually  500  volts) 
when  the  rated  full-load  current 
is  flowing  through  the  motor 
armature,  its  field,  and  the  gen- 
erator field.  The  voltage  across 
the  motor  armature  and  its  field 
coil  may  be  measured  by  tem- 
porarily connecting  the  volt- 
meter to  the  motor  terminals 
(excluding  the  generator  field). 

34.  The  motor  should  be 
run  under  full-load  conditions 
until  the  windings  have  assumed 
approximately  normal  tempera- 
ture and  the  brushes  have  worn 
into    good    contact    with    the 
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commutator.  Readings  should  then  be  taken  of  instru- 
ments Am  and  F,  with  the  switch  S^  in  its  upper  position, 
and  of  A,  and  F,  with  S'  in  its  lower  position.  The  reading 
should  be  taken  as  near  the  same  time  as  possible,  to  avoid 
inaccuracies  due  to  changes  in  the  line  voltage  and  load  con- 
ditions. If  two  voltmeters  are  available,  one  may  be  used 
for  the  motor  circuit  and  the  other  for  the  generator  circuit, 
and  all  the  readings  taken  at  a  given  signal. 

The  product  of  the  readings  of  instruments  Am  and  V 
iS'  in  upper  position)  is  the  total  watts  input  to  the  motor- 
generator  set.  The  product  of  the  readings  of  instruments  A^ 
and  V  (S^  in  lower  position)  is  the  total  output  of  the  set. 

The  joint  efficiency  of  the  set  is  equal  to  ^^^^^  output^ 

total  mput 

i    The  efficiency  of  each  machine  is  approximately  the  square 

root  of  the  efficiency  of  the  set,  or^&V^— •      Since 

\  total  mput 

the  motor  and  generator  in  this  test  are  not  working  under 
exactly  the  same  load  conditions,  the  efficiency  for  each 
machine  thus  found  may  be  slightly  inaccurate;  since,  how- 
ever, the  efficiency  of  the  motor  changes  but  little  for  slight 
changes  in  load  conditions,  the  results  should  be  practically 
correct.  The  input  current  may  be  adjusted  for  partial  loads, 
and  the  efficiency  determined  at  these  points.  In  Fig.  10  is 
shown  a  form  of  test  sheet  that  may  be  used  for  this  test. 
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ALTBRNATING-CUBBBNT  MACHINES 


AliTBRNATOR  RUNNING-LIGHT  TEST 

35.  Preparation  for  Test. — The  losses  in  the  armature 
and  field  of  an  alternator  are  of  the  same  character  as  those 
in  a  direct -current  machine;  namely,  friction  losses,  iron 
losses,  and  copper,  or  P  Ry  losses  for  armature  and  field. 
The  hysteresis  and  eddy-current  losses  are  practically  con- 
stant at  all  loads,  while  the  copper  losses  increase  as  the 
square  of  the  current  and  become  large  at  overloads. 

The  simplest  method  of  making  an  efficiency  test  on  an 
alternator  is  to  run  it  as  a  synchronous  motor  under  no-load 
conditions,  in  order  to  determine  the  core  and  friction  losses; 
then  calculate  the  full-load  copper  losses  for  armature  and 
field,  thus  obtaining  the  total  losses,  and,  finally,  calculate 
the  efficiency  from  the  relation  between  output  and  input. 

36.  Test  Connections. — The  connections  for  the  run- 
ning-light test  are  shown  in  Fig.  11.  The  three-phase  alter- 
nator armature  is  shown  2XA,  and  its  separately  excited  field 
at-F.  This  is  the  conventional  method  of  representing  an 
alternator;  revolving-field  machines  are  now  quite  generally 
used.  CB  are  circuit-breakers;  S  is  the  main  switch  connect- 
ing to  the  three-phase  mains,  and  S  is  the  field  switch  con- 
necting to  the  D.  C  mains.  To  this  latter  switch,  when  opened, 
is  connected  a  small  resistance  to  take  up  the  discharge  of 
the  field  when  the  switch  is  thrown  out.  R  is  the  field  regfu- 
lating  rheostat;  A  fay  the  field  ammeter;  Afvy  the  field  voltmeter; 
Amy  an  ammeter  for  measuring  the  current  in  one  phase;  Wy  an 
indicating  wattmeter;  PTy  ^  potential  transformer,  used  in 
case  of  high  voltage;  and  5  Z",  a  series  transformer,  used  in 
case  of  a  large  main  current  and  also  to  prevent  having  high- 
tension  wires  on  the  testing  table. 


Digiti 


ized  by  Google 


S52 


EFFICIENCY  TESTS 


29 


37.  Conduct  of  Test. — ^The  machine  is  started,  syn- 
chronized, and  thrown  into  connection  with  the  A  C  mains, 
having  the  proper  frequency  and  voltage.  The  field  current 
is  then  adjusted  until  the  armature  current  taken  from  the 
A  C  mains  is  of  minimum  value.  The  power  factor  under 
these  conditions  is  nearly  unity.  The  power  expended  on  the 
A  C  Mains 


Pio.  11 

armature  is  found  by  multiplying  the  indicating  wattmeter 
reading  by  2,  since  the  load  is  a  balanced  one  and  the  power 
factor  is  practically  unity.  It  is  presumed  that  the  voltage 
of  each  phase  is  the  same.  This  power  represents  the  losses 
due  to  friction,  hysteresis,  and  eddy  currents,  and  these  losses 
may»  with  little  error,  be  considered  as  constant  at  all  loads. 
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38.  Copper  liOBBes. — The  copper  loss  for  the  sepa- 
rately  excited  field  is  equal  to  the  product  of  the  field  cur- 
rent at  full  load  and  the  voltas:e,  under  normal  temperature 
conditions,  across  the  terminals  of  the  field  coil,  or  to' 
the  current  squared  and  multiplied  by  the  hot  resistance 
of  the  field.  The  reading  of  ammeter  A/m  multiplied  by 
the  reading  of  voltmeter  A^  equals  the  copper  loss  in  the 
separately  excited  field.  The  loss  in  the  separately  excited 
field  rheostat  is  not  charged  to  the  machine.  Owing  to  the 
demagnetizing  effect  of  the  armature  current  at  full  load, 
the  full-load  field  current  will  be  somewhat  more  than  the 

.  field  current  obtained  during  the  running-light  test,  but  the 
effect  of  this  increase  on  the  efficiency  calculations  is  practi- 
cally negligible.  If  the  machine  can  be  run  as  a  generator 
on  full  load,  the  field  current  may  be  measured,  and  this 
value  can  be  used  for  determining  the  field  copper  loss. 
After  the  machine  has  attained  its  normal  running  tem- 
perature, the  resistance  of  the  field  coils  a^d  the  resistance 
between  two  armature  slip  rings,  or  terminals,  of  the  same 
phase  should  be  measured.  If  the  resistances  are  measured 
when  the  machine  is  cold,  they  should  be  corrected  for  a 
temperature  rise  of  about  40°  C. 

39.  The  full-load  copper  loss  in  the  armature  of  a  poly- 
phase machine  equals  the  product  of  one-half  the  hot  resistance 
(or  corrected  cold  resistance)  from  terminal  to  terminal  and 
the  square  of  the  equivalent  full-load  current  that  would  flow 
in  a  single-phase  system.  For  a  balanced  two-phase  circuit, 
the  equivalent  current  is  twice  the  current  in  any  one  of  the  four 
line  wires.  For  a  balanced  three-phase  circuit,  the  equivalent 
current  isVs  times  the  current  in  any  one  line  wire.  The 
resistance  of  the  three-phase  armature  should  be  measured 
between  any  two  of  the  three  terminals  when  the  machine  is 
hot,  or  the  cold  resistance  should  be  measured  and  corrected 
for  temperature  rise.  To  obtain  the  armature  copper  loss 
of  a  three-phase  machine,  multiply  the  square  of  Vs  times  the 
rated  full-load  line  current  by  one-half  the  hot  resistance 
between  any  two  terminals. 
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40.  The  total  loss  is  the  sum  of  the  friction,  hysteresis, 
eddy-current,  PR  field,  and  PR  armature  losses.  The  data 
may  be  tabulated  on  a  test  sheet  of  the  general  form  shown 
in  Fig.  4,  but  the  sheet  should  be  changed  slightly  to  suit 
the  altered  conditions. 

rated  output 


Efficiency 


rated  output  +  total  loss 


SYNCHRON^OUS-MOTOR  RUNNING-IilGHT  TEST 

41.  The  efficiency  of  a  synchronous  motor  may  be  deter- 
mined in  a  manner  similar  to  that  of  the  preceding  test.  The 
rated  full-load  armature  current,  which  is  usually  stamped  on 
the  name  plate  of  the  machine,  may  be  used  when  calculating 
the  PR  armature  loss.  The  approximate  value  of  field  cur- 
rent is  determined  from  the  running-light  test.  * 


ALTERNATOR  TEST  WITH  AUXIMARY  MOTOR 

42.  Preparations  for  Test. — The  following  test 
requires  that  the  alternator  should  be  driven  by  a  motor  that 
is  between  15  and  20  per  cent,  of  the  size  of  the  alternator. 
To  avoid  a  large  amount  of  armature  reaction  in  the  driving 
motor,  the  motor-armature  current  should  never  be  much 
greater  than  one-half  of  its  normal  full-load  current.  An 
exciter  generator  may  be  employed  as  a  motor  for  this  test. 
The  direct  current  for  the  alternator  field  coils  is  obtained 
from  another  exciter  or  from  a  direct-current  lighting  or 
power  line. 

The  motor  pulley  is  belted  to  the  generator  pulley,  and 
the  size  of  the  pulleys  is  so  proportioned  that  the  generator 
will  run  at  its  rated  speed.  It  is  advisable  to  use  either  a 
glued  belt  or  one  with  a  light  lacing  on  the  splice  in  order 
to  prevent  the  ammeter  needle  from  jumping  when  the 
splice  passes  over  the  pulleys.  Belt  tension  should  not  be 
excessive. 

In  order  to  reduce  armature  reaction,  the  motor  brushes 
should  be  set  as  near  the  no-load  neutral  position  as  possible 

48B— 40 
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and  still  haye  sparkless  commutation, 
should  be  run  dry. 


§52 
The  commutator 


43.  Test  Connections  and  Test  Slieet. — The  driving 
motor  and  alternator  connections  are  shown  in  Fig.  12.  In 
addition  to  the  alternator  instruments  shown  in  Fig:.  11, 
voltmeter  Avt  Fig.  12,  is  used.  The  wattmeter  JV,  Fig.  11, 
may  be  omitted.     In  Fig.  12,  the  motor-armature  ammeter 

r>CMain» 


Fig.  12 

is  shown  at  Ma;  the  motor  field  ammeter,  at  M/a;  and  the 
motor-armature  voltmeter  at  Afv*  R'  is  a  rheostat  for  starting 
the  motor  and  for  adjusting  the  voltage  applied  to  the  motor 
armature;  R"  is  a  motor  field  rheostat;  M,  the  motor  arma- 
ture; and  Mf,  the  shunt  field  of  the  motor.  A  form  of  test 
sheet  suitable  for  this  purpose  is  shown  in  Fig.  13  (a)  and  (*). 

44.     Open-Cli'culted   Core-IiOss  Test.  -The   driving 
motor  is  started,  and  the  alternator  is  brought  to  its  rated 
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per  cent, 

3ltS    . 

mps. 
imps. 

R  .  . 


Core  loss 

i  short-circuited  core  loss 

Armature  I*Ji 
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,  which  should  be  maintained  during  the  test.  The 
excitation  of  the  motor  should  remain  constant.     The 

of  the  motor  may  be  adjusted  so  as  to  have  constant 

under  different  load  conditions  by  varying  the  resist- 
in  rheostat  R',  Fig.  12.  Readings  of  the  instruments 
d  be  taken  only  after  the  speed  has  been  steady  for  at 
1  minute. 

I  motor  is  first  made  to  drive  the  alternator  without  any 
3t  in  the  separately  excited  field  circuit  of  the  alternator. 
»  readings  of  instruments  Mv,  May  and  Mfa,  Fig.  12,  are 
.  The  resistance  of  the  motor  armature  is  determined 
diately  after  this  test,  while  the  armature  is  still  warm, 
eadings  are  then  entered  in  the  test  sheet. 
5  number  of  watts  expended  on  the  motor  armature  is 

21.5  =  11,589.  The  watts  PR  loss  in  the  motor 
;ure  is  21.5'  X  .069  =  32  watts.      IE-PR  ^  11,689 

=  11,557  watts,  and  this  power  is  expended  in  driving 
notor  armature  and  the  alternator  armature,  with 
:ited  field,  and  in  making  up  for  core  losses  in  the 
r  armature. 

.  The  alternator-armature  resistance  between  termi- 
ihould  be  measured  while  the  machine  is  hot,  in  case  it 
e  loaded;  or  measured  cold  and  an  allowance  made  for 
ti  temperature;  in  this  case,  the  resistance  is  .378  ohm. 
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The  drop  in  voltage  at  full  load,  due  to  the  ohmic  resistance 
of  the  alternator  armature,  is  equal  to  the  line  current  mul- 
tiplied by  Vs,  and  this  product  multiplied  by  one-half  the 
resistance  between  any  two  terminals  of  the  armature.  For 
a  single-phase  or  a  two-phase  armature,  the  drop  equals  the 
line  current  multiplied  by  the  resistance  between  terminals 
of  the  same  phase  winding.    One-half  the  resistance  between 

378 
terminals  of  this  three-phase  armature  is  '——    =  .189  ohm. 

Z 

The  rated   full-load   line  current  multiplied   by  Vs  =   131 

X  1.732  =  227  amperes;  227  amperes  X  .189  ohm  =  43  volts 

drop  in  the  armature. 

46.  The  separately  excited  field  circuit  of  the  alternator 
should  now  be  closed.  The  motor  is  again  started  and 
drives  the  alternator  on  open  circuit  at  rated  speed.  The 
field  current  of  the  alternator  is  so  adjusted  as  to  produce 
an  electromotive  force  equal  to  the  normal  terminal  electro- 
motive force  plus  the  full-load  armature  drop  in  volts,  or 
6,600  +  43  =  6,643  volts.  Another  set  of  motor  readings 
should  then  be  taken,  as  well  as  readings  on  instruments 
Af^t  Avi  and  Afa. 

The  input  to  the  motor  armature  minus  the  PR  motor- 
armature  loss  is  now  46,251  watts.  Before  the  alternator 
field  circuit  was  closed,  the  corresponding  input  was 
11,557  watts.  The  difference  between  these  values,  34,694 
watts,  is  the  core  loss  of  the  alternator  on  open  circuit  with 
full  normal  electromotive  force  plus  the  ohmic  drop  in 
volts  in  the  armature.  If  desired,  this  test  may  be  made 
for  a  number  of  different  values  of  alternator-terminal  electro- 
motive force.  A  curve  of  core  loss  may  then  be  plotted,  using 
watts  core  loss  as  ordinates  and  terminal  volts  as  abscissas. 

47.  The  belt  should  now  be  taken  from  the  pulleys,  the 
motor  run  without  load,  readings  of  the  motor  instruments 
taken,  and  the  input  to  the  motor  armature,  minus  PR 
armature  loss,  calculated.  This  is  found  to  be  4,921  watts. 
The  corresponding  input  when  the  motor  was  driving  the 
unexcited   alternator    was    11,557   watts.      The  difference, 
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6,636  watts,  equals  the  friction  loss  of  the  alternator.  The 
friction  loss  is  here  considered  as  the  combined  bearing:- 
friction  and  windac^e  loss. 

48.  Sliort-Clrculted  €ore-!Lo88  Test. — In  order  to 
obtain  data  regarding^  the  losses  in  the  alternator,  due  to 
loading  the  machine,  in  excess  of  the  open-circuited  core  loss, 
friction  loss,  and  the  calculated  P  R  copper  losses,  a  short- 
circuited  core-loss  test  should  be  run.  The  motor  is  first 
operated  to  drive  the  alternator  at  rated  speed  with  an  unex- 
cited  field,  and  the  motor  readings  noted.  The  terminals  of 
the  alternator  armature  are  then  short-circuited,  as  indicated 
at  B,  Fig.  12.  The  current  in  the  separately  excited  field 
circuit  is  adjusted  until  the  normal  full-load  current  flows 
through  the  armature  terminals.  The  motor  readings  and 
the  readings  of  instruments  Aa  and  4tm  are  noted. 

The  power  represented  by  the  difference  between  23,489 
and  11,557  watts,  or  11,932  watts,  is  expended  in  core  loss 
and  7*-^  armature  loss  in  the  alternator;  subtracting  Heat  PR 
armature  loss  leaves  the  short-circuited  core  loss.  The 
whole  value  of  the  short-circuited  core  loss  is  much  too 
great,  since  the  armature  current  in  this  test  is  nearly  90° 
out  of  phase  with  the  generated  electromotive  force  and  the 
armature  demagnetizing  action  is  excessive;  therefore,  one- 
third  of  this  loss  is  often  used  in  efficiency  calculations. 

49*  If  the  alternator  field  current  for  full  load  is  known, 
use  this  value  in  calculating  the  /'  R  loss  of  the  separately 
excited  field.  If  the  current  is  not  known,  use  the  square 
root  of  the  sum  of  the  squares  of  the  field  current,  obtained 
in  the  open-circuited  core-loss  test  at  full  terminal  voltage 
plus  the  armature  drop,  and  the  field  current,  obtained  in  the 
short-circuited  core-loss  test  at  full-load  armature  current. 
In  this  case,  Vl39'  +  53.5*  =  148.5  amperes,  approximately, 
in  the  field  at  full  load. 

The  efficiency  calculations  may  now  be  made  from  data 
obtained  from  the  tests  and  from  the  calculated  P  R  arma- 
ture and  field  losses.  These  values  should  be  set  down  in 
the  test  sheet,  as  shown  in  Fig.  13  (a)  and  (b). 
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INDUCTION-MOTOR   TEST 

50.  Preparations  for  Test. — ^A  simple  test  to  deter* 
mine  the  efficiency  of  an  induction  motor  may  be  made,  in 
which  only  one  indicating  wattmeter,  an  ammeter,  and  a 
voltmeter  are  required.  The  test  connections  for  a  three- 
phase  induction  motor  are  shown  in  Fig:.  14.  By  means  of 
the  double-throw  switch  5',  one  end  of  the  potential  coil  of 
the  wattmeter  IV  and  one  terminal  of  the  voltmeter  Mv  may 


ACMain^ 


Fio.  14 

be  connected  to  either  line  1  or  line  2.  The  other  end  of  the 
potential  coil  and  the  other  terminal  of  the  voltmeter  are 
connected  to  line  5,  when  switch  5'  is  closed  in  either  posi- 
tion.    The  ciu'rent  coil  of  IV  is  in  circuit  with  line  wire  3. 

51.  Conduct  of  Test. — At  first  the  motor  is  run  with- 
out load,  and  the  number  of  watts  required  to  drive  it  is 
noted.  In  the  case  of  an  induction  motor,  the  current  is  out 
ot  phase  with  the  g^enerated  electromotive  force,  the  power 
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factor  is  less  than  unity,  and 
two  separate  readings  of  the 
wattmeter,  made  in  quick 
succession,  are  required. 
One  reading  is  made  with  the 
potential  coil  across  lines  1-3, 
and  the  other  reading  with 
the  potential  coil  across  lines 
2-3.  The  sum  of  these  read- 
ings will  give  the  watts  input 
if  the  power  factor  is  over  .5; 
if  less  than  .5,  the  difference 
in  the  readings  is  taken.  As 
explained  in  Power  Trans- 
ionnation  and  Measurement, 
if  the  power  factor  is  less 
than  .5,  one  wattmeter  will 
give  a  negative  reading.  The 
readings  are  recorded  on  a 
test  sheet  similar  to  the  one 
shown  in  Fig.  15.'  When  run- 
ning without  load,  the  power 
factor  is  low,  one  wattmeter 
reading  is  negative,  and  the 
difference  between  Wx  and  W. 
is  the  total  watts  input. 

The  primary  current  may 
be  measured  by  ammeter  M», 
Fig.  14.  The  resistance  of 
the  primary  winding  between 
the  lines  is  measured  and 
recorded.  The  primary  PR 
loss  is  calculated  in  the  man- 
ner explained  in  the  alterna- 
tor running-light  test  for  the 
alternator  armature  /*  R  loss. 
Subtracting  the  primary  PR 
loss  from  the  primary  input 
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leaves  the  core  and  friction  loss,  which  may  be  considered 
constant  at  all  loads. 

52.  Because  of  the  construction  of  the  rotor,  its  resist- 
ance cannot  well  be  measured.  In  order  to  obtain  an  approxi- 
mate value  of  the  secondary  copper  loss,  the  following  test 
may  be  made:  Clamp  the  rotor  so  that  it  cannot  turn. 
Reduce  the  electromotive  force  of  the  line  by  lowering  the 
terminal  electromotive  force  of  the  generator  or  by  inserting 
equal  resistances  in  the  leads  to  the  motor,  so  that  full-load 
current  flows  through  the  primary  windings.  Take  two  read- 
ings as  before,  and  note  the  total  watts  input.  The  power 
thus  represented  is  mostly  expended  in  /*  R  losses  in  stator 
and  rotor.  Calculate  the  /*  R  loss  in  the  stator  with  the  full- 
load  cturent,  and  subtract  it  from  the  total  watts  input.    The 
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remainder  is  approximately  the  secondary  P  R  loss.  There 
are  other  small  load  losses  involved  in  this  value  of  total 
input,  but  they  may  be  neglected  without  serious  error. 

The  full-load  current  in  this  case  is  29  amperes,  and  the 
primary  copper  loss  197  watts;  the  total  measured  input  is 
647  watts.  Therefore,  the  secondary  copper  loss  is  647  —  197 
=  450  watts.    The  total  loss  is  197  +  275  +  450  =  922  watts. 

53.  The  output  at  5  horsepower  is  3,730  watts,  the  input 
3,730  +  922  =  4,662  watts,  and  the  efficiency  at  full-load 
80  per  cent.  Efficiencies  at  other  loads  may  be  determined 
by  using  different  values  of  currents  in  the  primary,  when 
the  rotor  is  clamped,  and  calculating  the  copper  losses. 
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TRANSFORMER  TEST 

54.  The  core  loss  of  a  trans- 
former is  obtained  by  connecting 
the  secondary  coil  to  a  line  having 
the  rated  frequency  and  the  rated 
voltage,  and  measuring  the  input 
by  means  of  a  wattmeter  when 
the  primary  is  open-circuited.  The 
core  loss  is  practically  constant  at 
all  loads.  Fig.  16  shows  the  core- 
loss  test  connections. 

The  resistance  of  either  the 
primary  or  the  secondary  coil,  at 
room  temperature,  is  determined 
by  allowing  direct  .purrent  of 
known  value  to  flow  through  the 
coil,  and  dividing  the  drop  in  volts 
across  the  coil  by  the  current  flow- 
ing in  it.  The  windings  should  not 
be  heated  enough  during  the  test 
to  change  their  resistance.  The 
core  losses  decrease  somewhat 
with  increased  temperature,  while 
the  copper  losses  increase,  so  the 
resistances  at  room  temperature 
may  be  used  in  the  efficiency  cal- 
culations. The  PR  loss  in  both 
coils  may  be  computed  for  rated 
full-load  current  or  for  partial-load 
currents.  The  total  loss,  aside  from 
some  slight  losses  due  to  eddy  cur- 
rents in  the  iron  core  and  in  the 
copper  conductors,  is  equal  to  the 
sum  of  the  core  loss,  with  primary 
open-circuited,  and  the  PR  losses 
in  the  primary  and  secondary  coils. 
Fig.  17  shows  the  data  of  a  test  for 
a  7.6-kilowatt  transformer. 
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INTRODUCTION 


DEFINITIONS 

1.  Apparatus  used  for  indicating,  recording,  controlling,  or 
regulating  the  output,  input,  or  distribution  of  electricity  is 
referred  to  as  swltcligear.  A  switchboard  may  have  mounted 
on  it  various  kinds  of  measuring  instruments,  switches,  fuses, 
circuit-breakers  (commonly  called  breakers),  signal  devices, 
and  rheostats;  such  switchgear  is  usually  direct  controlled.  The 
tise  of  large  apparatus  or  high  voltages  may,  however,  require 
the  location  of  some  switchgear,  especially  circuit-interrupting 
devices,  in  places  more  or  less  remote  from  the  switchboard 
at  the  control  center  from  which,  for  reasons  of  convenience, 
they  may  be  controlled  electrically  or  mechanically;  such 
apparatus  is  referred  to  as  remote  controlled.  Controlling  devices 
may  require  operation  by  an  attendant  or  may  be  designed  for 
automatic  operation. 

REQUIREBfENTS    OP    SWITCHGEAR    CONSTRUCTION 

2.  Safety. — By  safety  of  switchgear  is  meant  freedom  from 
danger  to  operators  or  apparatus.  Conductors  under  extremely 
high  electric  tension  should  be  kept  away  from  switchboards; 
the  circuit-breakers,  fuses,  switches,  etc.  should  be  of  such 
construction  and  so  moimted  as  to  avoid,  as  far  as  possible, 
the  danger  of  arcs  that  may  bum  the  operator  or  throw  par- 
ticles of  hot  carbon  or  metal  upon  him,  and  to  avoid  also  the 
danger  of  arcs  that  may  damage  adjacent  apparatus. 

COPVRI«HTCD   BY   INTCRNATIONAL  TCXT«OOK   COMPANY.      ALU   RIOHTa    RKSKRVKO 
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3.  Fireproof  Construction. — ^The  supporting  structure, 
insulation,  and  all  other  parts  of  switchgear  must  be  j&reproof ,  in 
order  to  avoid  the  possibility  of  fires  due  to  electric  causes. 
For  this  reason,  switchboard  panels  are  usually  made  of  marble 
or  of  some  slate  that  is  free  from  metallic  veins.  Insulation 
that  is  to  be  near  parts  likely  to  become  overheated  or  that 
may  be  exposed  to  arcs  must  be  capable  of  resisting  high  tem- 
peratures. Barrier  construction  made  of  asbestos  board  is 
sometimes  installed  between  high-tension  air-break  switches 
and  between  high-tension  busses  for  this  purpose. 

4.  Capacity. — Knife-blade  switches  and  circuit-breakers 
too  small  for  their  loads  are  subject  to  overheating,  which  draws 
the  temper  from  the  spring  copper  and  makes  the  contacts 
poor,  a  condition  that  may  cause  further  heating  and  permanent 
damage.  If  the  air  break  of  a  switch  or  circuit-breaker  is  not 
long  enough,  an  arc  may  hold  across  the  opening  and  biun  the 
contacts  when  the  circuit  is  opened.  Oil  switches  of  insufficient 
capacity,  either  for  current  or  voltage,  may  explode  if  opened 
under  too  heavy  a  load;  therefore,  they  must  have  capacities 
far  in  excess  of  their  normal  loads. 

6.  Accessibility  and  Simplicity. — ^All  switchgear 
requires  some  attention;  instruments  reqtiire  calibration,  fuses 
need  replacement,  and  rheostats,  switches,  circuit-breakers, 
etc.,  require  inspection,  cleaning,  and  adjustment.  In  order 
to  make  such  work  safe  and  convenient,  the  devices  should  be 
readily  accessible,  but  not  so  much  so  that  at  other  times  they 
may  be  a  source  of  danger  of  physical  injury. 

Simplicity  of  construction  and  arrangement  is  an  aid  in 
operation  and  tends  to  reduce  the  liability  of  operating  errors. 
The  arrangement  of  the  devices  should  be  logical  and  imiform. 
Where  there  are  several  imits  of  the  same  kind,  as  genera- 
tors, motors,  feeders,  or  circuits,  uniformity  of  switchgear 
arrangement  helps  to  avoid  confusion. 
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GENERAL  CLASSIFICATION     * 

6«  Switchgear  is  divided  into  two  general  classes:  that 
suitable  for  use  with  direct  current  and  that  adap.ted  to  alter- 
nating current.  The  line  of  classification  is  not  very  sharp,  as 
some  apparatus  may  be  suitable  both  for  direct  currents  and  low- 
tension  alternating  currents.  Each  class  is  capable  of  further 
subdivision  into  circuit^pening  devices,  instruments,  regulating 
devices,  and  lightning  arresters. 


DLRECT-CURRENT  SWITCHGEAR 


CIRCUrr.OPENING  DEVICES 


KNIFE-BLADE    SWITCHES 

7.  Circuit-opening  devices  are  used  wherever  the  conduc- 
tors are  to  be  made  discontinuous  quickly,  conveniently,  and,  in 
some  instances,  automatically.  Some  of  the  devices  in  this 
class  are  also  used  for  making  the  circuit,  and  all  are  used  as 
a  part  of  it. 

8.  Construction. — Knife-blade  switches  are  used  in 
direct-current  circuits  in  capacities  of  from  10  to  several  thou- 
sand amperes  and  for  all  constant-voltage  systems.  In  con- 
struction the  jaws,  or  blades,  of  these  switches  bear  some 
resemblance  to  the  blade  of  a  knife;  each  switch  blade  is  hinged 
at  one  end  and  moves  in  a  limited  arc  in  one  plane,  so  as  to 
dose  into  and  open  from  a  tight-fitting  metal  receptacle  called 
a  clip.  Connection  on  one  terminal  of  the  switch  is  made 
to  the  stationary  part  of  the  hinge;  on  the  other  terminal,  to 
the  dip.  The  connections  to  these  parts  are  made  either  on  the 
front  or  the  rear  of  the  base,  or  panel,  on  which  the  switch  is 
mounted.  Practically  all  switches  used  in  switchboard  construc- 
tion have  a  stud  projecting  back  from  each  clip  through  the 
switchboard  pand  and  another  extending  from  each  hinge  block. 
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Electric  connection  is  made  to  these  studs  on  the  back  of  the 
switchboard  by  means  of  wires,  lugs,  or  copper  bars  held  firmly 
in  place  between  washers  secured  by  one  or  two  nuts  on  the 
studs,  the  whole  being  sometimes  secured  by  a  jam  nut. 

9.    Varieties. — ^Elnife-blade  switches  so  made  and  installed 

as  to  open  a  circuit  on  only  one  side  are  known  as  single-pole 

switches.    They  may  also  be  made  for  opening  both  sides  of 

a  circuit,  in  which  case  two  knife  blades  are  mounted  side  by 

side  with  the  axes  of  their  hinges  lying  in  the  same  straight  line 

and  the  blades  fastened  rigidly  together  by  a  suitable  insulating 

material,  such  as  dry  wood  or  insulating 

fiber;  switches  of  this  form  are  designated 

as  two-pole.    Switches  for  use  on  three-wire 

systems  are  sometimes  made  for  opening  all 

three  conductors  at  once  and  are  known  as 

three-pole;  similarly,  a  four-pole  switch  can 

be  used  on  a  four-wire  system. 

In  addition  to  performing  the  duty  of 
opening  and  closing  one  circuit,  knife- 
blade  switches  may  be  so  made  as  to  be 
selective  between  two  sources  of  supply  or 
between  two  circuits.  This  is  done  by  so 
constructing  the  switch  that  the  blade 
moves  through  an  arc  of  a  half  circle  and 
installing  a  clip  at  each  end  of  the  arc. 
Such  switches  are  designated  as  double- 
throw  to  distinguish  them  from  single-throw 
switches.  A  single-pole,  double-throw. 
Pig.  1  three-blade  switch  is  shown  in  Fig.  1. 

.  1 0.  Current  Densities . — Knife-blade  switches  are  usually 
made  of  hard  copper  or  some  of  the  copper  alloys.  When  pure 
copper  is  used,  the  current  density  through  the  sliding-surface 
contacts  of  small  switches  may  be  as  high  as  80  or  90  amperes 
per  square  inch;  if  alloys  are  used,  the  current  density  allowable 
is  even  as  much  as  50  per  cent,  lower.  In  some  switches  of  large 
capacity,  several  blades  are  arranged  in  parallel,  as  in  Fig.  1, 
and  heat  radiation  and  air  circulation  are  both  increased.     In 
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switches  of  this  construction,  the  allowable  current  density 
through  sliding-surface  contacts  is  somewhat  less,  the  amount 
of 'reduction  depending  on  the  ntimber  of  contact  surfaces  that 
are  partly  enclosed. 

Current  densities  allowable  in  the  contact  surfaces  of  connec- 
tions to  the  switch  are  much  higher;  because  the  contacts,  being 
secured  firmly  by  nuts  or  clamps,  instead  of  by  the  spring  effect 
of  the  parts,  have  better  conductivity.  Connections  between 
bar  copper  (draw  filed)  and  cast-alloy  nuts  properly  machined 
to  provide  a  good  surface  may  have  a  current  density  of  120 
amperes  per  square  inch.  Between  cast  and  machine-surfaced 
lugs  and  similar  nuts  about  110  amperes  per  square  inch  is  good 
practice.  Connections  made  with  wire  usually  afford  small 
contact  surface  imless  the  wire  is  flattened  where  it  makes  con- 
tact with  the  washers  or  nuts. 

TABLE  I 

LBNOTEDS    OF    AIB    BREAK    FOB    KNIFE    SWITCHB8 


Voltage 

Length  of  Break,  Inches 

100  to  500  Amperes 

500  Amperes  and  Over 

50-100 
100-175 
175-300 
300-700 

2f-3 
3  -4 
4-6 

2-3 
3-4 
4-6 
6-8 

11.  Length  of  Air  Break. — ^The  length  of  air  break  neces- 
sary for  knife  switches  depends  on  the  current  to  be  interrupted 
and  the  pressure  tending  to  maintain  the  arc.  In  interconnected 
networks  and  other  parallel  systems  the  back  feed,  or  tendency 
of  parallel  circuits  to  send  a  reverse  current  through  a  broken 
circuit,  reduces  to  a  comparatively  small  amount  the  pressure 
tending  to  hold  the  arc.  But  the  back  feed  cannot  always  be 
depended  on,  and  switches  with  sufficient  opening  to  break  a 
current  at  the  full  voltage  of  the  circuit  are  customarily  used. 
Table  I  shows  lengths  of  air  break  that  have  been  found  to  be 
good  practice. 
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Break    Switches. — Switches    that    may    be 

ak  large  currents  at  the  higher  direct-current 
voltages,  550  to  600,  are  sometimes  made  with 
a  device  for  quickly  separating  the  blade  and 
dip  as  soon  as  the  circuit  has  been  opened. 
This  construction  permits  the  use  of  a  switch 
with  an  air  break  shorter  than  would  other- 
wise be  desirable.  The  effect  of  slow  separa- 
tion of  the  parts  is  to  cause  the  arc  to  hold; 
when  the  clip  and  blade  are  rapidly  separated 
the  effect  of  the  arc  is  greatly  reduced.  Fig.  2 
shows  such  a  switch  of  a  type  in  quite  general 
use  for  street-railway  feeders.  The  blade  is 
in  two  parts;  the  main  portion  a  carries  the 
handle,  and  a  quick-break  portion  6  is  held  to 
the  main  blade  by  a  strong  helical  spring  c. 
Friction  of  the  sides  of  the  dip  d  holds  the 
quick-break  Wade  in  place  tmtil  the  main 
blade  has  moved  into  the  opening  position  far 

he  spring  under  a  tension  suffident  to  pull  the 

le  out  of  the  clip.    As  soon  as  the  latter  blade  is 

ion  of  the  spring  pulls 

3  clip  very  rapidly. 

of  quick-break  switch, 

pening  the  field  circuits 

ines,  is  provided  with  a 

:h  the  blade  rests  when 

en.    The  switch  blade 

hinged  on  a  common 

ted  together  by  helical 
the  switch  is  closed, 

6  rests  in  the  clip  c;  a 

Dn  the  handle  stretches 

permits  the  other  part 

nake  contact  with  the 

e  switch  is  completely  ^^'  ^ 

with  clip  a  connects  a  discharge  resistance 

terminals,  thereby  preventing  damage  due  to 
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the  high  voltage  induced  in  the  exceedingly  inductive  field 
winding  by  a  sudden  interruption  of  the  current.  Because  of 
the  long,  flaming  arcs  that  dccur  when  the  current  in  a  highly 
inductive  field  winding  is  broken,  the  knife  blade  has  an  after 
break,  consisting  of  a  carbon  block  d  and  carbon  segments  e,  all 
renewable,  between  which  the  arc  is  formed  and  broken,  thus 
preventing  destructive  burning  of  the  more  important  and  more 
expensive  copper  parts. 

13.  Mounting  Knife-Blade  Switclies. — ^Knife-blade 
switches  should  always  be  mounted  within  such  easy  reach  that 
the  attendant  will  be  able  to  exercise  sufficient  force  for  positive 
operation.  The  operation  of  knife-blade  switches  of  very  large 
capacity  sometimes  requires  considerable  physical  effort,  and 
for  this  reason  they  should  not  be  moimted  with  their  handles 
higher  than  a  man's  head. 

Switches  moimted  on  slate  or  marble  must  be  set  up  tight ^. 
by  means  of  nuts  on  the  studs;  but  the  copper  studs  should 
fit  loosely  in  the  holes  through  the  panel,  because  tmusual 
heating  may  cause  a  stud  to  expand  enough  to  crack  the  marble. 


FUSES 

14.  Open  Fuses. — ^To  best  perform  its  duty,  a  fuse  should 
be  of  a  metal  that  when  fused  will  not  deposit  a  large  amoimt  of 
molten  metal  on  surroimding  parts;  it 
must  have  a  resistance  high  enough  that 
the  passage  of  the  predetermined  current 
will  heat  it  quickly  to  the  fusing  point, 
thus  making  the  time  element  small ;  and 
it  should  present  a  minimum  of  surface 
to  be  cooled  by  stray  drafts  of  air.  For 
these  reasons  a  fuse  of  metal  with  high 
conductivity  made  in  small  cross-section 
offers  some  advantages  over  those  made 
of  alloys  with  lower  conductivities  and 
of  larger  cross-sections,  and  copper  fuses 
are  quite  generally  used  for  breaking  currents  greater  than 
150  amperes.    For  smaller  amperages,  alloy  fuses  are  generally 
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used  on  account  of  the  possibility  of  determining  their  rating, 
or  fusing,  current  more  exactly  than  can  be  done  with  copper 
fuses.  In  connection  with  low-tension  generating  and  distribu- 
ting systems,  copper  fuses  are  quite  generally 
used;  Fig.  4  shows  three  sizes  of  such  fuses 
intended  for  use  in  a  low-tension  network 
where  the  back  feed  reduces  the  potential 
tending  to  maintain  the  arc. 

The  length  of  a  ftise  must  be  such  that 
when  the  metal  is  melted,  and  the  metallic 
connection  thus  broken,  the  arc  will  not  hold 
between  the  fuse-holder  terminals.  The  dis- 
tance between  fuse-holder  terminals  a  and  6, 
Fig.  5,  can  be  effectively  lengthened  by  put- 
ting between  them  a  barrier  c  of  fireproof 
P'<^-  5  insulating  material  around  which  the  arc  will 

be  forced  to  pass.  The  fuse  d  must  not  touch  the  barrier,  other- 
wise the  latter  may  conduct  away  a  part  of  the  heat  generated 
in  the  fusible  conductor  and  thus  require  a  larger  current  to 
melt  the  fuse. 


16.  Enclosed  Fuses. — ^A  method  of  safely  shortening  the 
actual  distance  between  terminals  is  to  enclose  the  fusible  con- 
ductor in  a  shell  containing  a  fireproof  non-conducting  powder. 
When  the  fuse  blows,  or  melts,  the  powder  forms  a  fltix  with  the 
metal,  fills  the  gap  in  the  conductor,  and  smothers  the  arc. 
Fuses  of  this  form  are 
called  enclosed,  or 
cartridge  tyi)e,  fuses. 

In  order  to  avoid  the 
necessity  of  testing  to 
determine  whether  or 
not  an  enclosed  fuse  is 
blown,  a  telltale,  or  indi- 
cator, is  generally  put  on  the  outside.  This,  in  most  cases,  is 
merely  a  fuse  of  |  ampere,  or  less,  capacity  in  parallel  with  the 
main  fuse.  When  the  enclosed  fuse  melts,  the  telltale  fuse  also 
blows  and  bums  a  small  strip  of  paper  pasted  over  it. 
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Enclosed  fuses  are  made  for  currents  up  to  approximately 
1,000  amperes.  In  the  smaller  sizes,  the  brass  terminals  of  the 
fuse  are  cylindrical,  as  in  Fig.  6  (a),  and  fit  into  brass  or  copper 
clips  that  partly  embrace  them.  In  fuses  for  more  than 
75  amperes,  the  fuse  terminal  usually  consists  of  a  stout  copper 
blade.  Fig.  6  (6),  that  fits  into  a  copper  dip  similar  in  form 
to  the  dip  of  a  knife-blade  switch. 


C1BCUIT«BRKAKER8 

16.  A  circuit-breaker  is  an  dectromechanical  device 
for  automatically  opening  a  circuit  in  the  event  of  predeter- 
mined conditions,  such  as  overload,  low  voltage,  reversal  of 
current,  or  excessive  generator  or  motor  speed.  The  simpler 
forms  are  constructed  for  automatic  opening  and  manual 
closing;  other  forms  are  provided  with  controlling  devices,  such 
that,  in  addition  to  automatic  opening,  they  can  be  dosed  and 
opened  non-automatically  by  remote  control  at  the  will  of  the 
operator.  Some  hand-operated  circuit-breakers  are  not  built 
for  the  final  dosing  of  a  circuit,  and  switches  should  be  installed 
in  series  with  them.  Remote-controlled  circuit-breakers  can 
also  serve  as  switches,  and  are  sometimes  installed  without 
knife-blade  switches  in  series  with  them. 

1 7.  Hand-Operated  Circuit-Breaker. — ^A  type  of  single- 
pole,  direct-current,  overload  circuit-breaker  for  hand  operation 
is  shown  in  Fig.  7.  Electric  connections  are  made  to  copper 
studs  a  and  6  that  terminate  in  large  stationary  copper  blocks 
on  the  opposite  side  of  the  slate  base  c.  The  movable  system 
of  the  breaker  is  pushed  into  the  circuit-dosing  position  by  a 
lever  system,  and  is  held  there  against  the  opposition  of  stiflE 
springs  by  the  latch  d  that  engages  the  handle  e.  The  copper 
blocks  are  then  electrically  connected  through  one  or  more 
U-shaped,  laminated,  copper  contacts/  on  the  movable  part  of 
the  breaker.  Any  iron  close  to  the  lower  stationary  contact- 
block  becomes  strongly  magnetized  by  the  flux  established  when 
current  passes  through  the  breaker.  When  the  current  reaches 
the  value  for  which  the  breaker  is  set,  the  magnetism  becomes 
stroi^  enough  to  lift  an  armature  g  that,  in  rising,  trips  the 
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latch,  releasing  the  handle  and  permitting  the  springs  to  bring 
th^  movable  system  to  the  open-circuit  position  shown  in  Fig.  7. 
A  small  handle  on  the  armature  provides  means  for  tripping 
the  circuit-breaker  by  hand. 

The  unhinged  end  of  the  armature  is  normally  supported 
by  the  head  of  a  threaded  spindle  h  that  can  be  raised  or  lowered 
by  means  of  an  adjusting  nut,  thus  altering  the  position  of  the 
armature.    The  higher  the  normal  position  of  the  armature,  the 

shorter  is  the  lift  nec- 
essary to  trip  the 
latch,  and  the  less  the 
tripping  current. 
The  spindle  is  set 
according  to  a  scale 
graduated  in  amperes 
within  the  range  of 
adjustment  for  which 
the  circuit-breaker  is 
designed. 

Some  overload  cir- 
cuit-breakers, usually 
of  smaller  capacity 
than  the  type  shown 
in  Fig.  7,  are  provided 
with  series  coils  of  a 
^'^■^  few  turns  of  heavy 

copper  capable  of  carrying  the  entire  current  in  the  circuit. 
Inside  the  coil  is  an  iron  core  that  is  lifted  and  trips  the  latch 
when  the  current  reaches  the  value  at  which  the  circuit-breaker 
is  set  to  open.  The  adjustment  of  this  type  of  breaker  is  made 
by  raising  or  lowering  the  normal  position  of  the  core  inside 
the  coil. 

18.  Arrangement  of  Contacts. — ^When  the  circuit- 
breaker  shown  in  Fig.  7  is  tripped,  the  main  contacts  open  first, 
after  which  the  current  passes  through  auxiliary  copper  contacts 
to  carbon  contacts  between  which  the  final  break  takes  place. 
One  of  the  auxiliary  stationary  copper  contacts  i  consists  of  a 
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small  copper  bar  with  its  contact  surface  inclined  to  the  vertical. 
The  movable  contact  ;  leaves  this  bar  immediately  after  the 
main  contact  opens.  The  lower  parts  of  the  contacts  k  and  / 
are  made  of  copper  and  attached  to  the  main  contacts  by  heavy 
copper  shunts  not  visible  in  Fig.  7.  The  contact  ^  is  so  hinged 
that  the  lower  parts  of  contacts  k  and  /  separate  before  the 
upper  parts,  and  the  final  break,  or  after  break,  is  between  the 
carbon  blocks  that  make  up  the  upper  parts  of  the  last-named 
contacts.  The  carbon  blocks,  which  are  cheap  and  easily 
renewed,  thus  sustain  any  damage  due  to  arcing. 

On  some  circuit-breakers  of  large  size,  the  movable  carbon 
after-break  contact  is  so  made  as  to  hold  agaijist  the  stationary 
carbon  tmtil  the  copper  parts  have  moved  a  considerable 
distance  from  the  stationary  copper  blocks,  and  then  to  separate 
very  rapidly  from  the  stationary  carbon,  thus  reducing  the 
duration  of  the  arc  and  the  burning  of  the  carbons. 

The  heat  of  the  arc  due  to  breaking  a  live  circuit  causes  an 
air-current  that  blows  the  arc  flame  upwards.  For  this  reason, 
circuit-breakers  of  the  carbon-break  type  are  always  made 
with  the  carbon  contacts  at  the  top.  For  the  same  reason,  such 
circuit-breakers  should  be  moimted  at  the  top  of  the  switch- 
board; if  installed  separately,  they  should  be  so  placed  that 
other  apparatus  will  not  be  close  enough  above  to  be  injtu*ed 
by  the  heat  of  the  arc. 

19.  liemote-Controlled  Clpcult-Bpeakep. — A  type  of 
single-pole,  remote-controlled,  electrically  operated,  carbon 
circuit-breaker,  of  the  same  general  type  as  the  hand-operated 
device  previously  described,  is  shown  in  Fig.  8.  This  circuit- 
breaker  is  closed  by  the  magnetic  action  of  a  solenoid  concealed  in 
the  housing  a.  When  the  closing  switch  at  the  control  board  is 
thrown  so  as  to  complete  the  control  circuit  through  the  solenoid, 
the  plunger  6  is  drawn  down;  this  acts  through  a  system  of 
levers  to  dose  the  circuit-breaker  contacts,  which  are  then 
held  closed  by  a  latch.  When  the  closing  switch  is  opened, 
the  plunger  is  returned  by  the  springs  c  to  its  normal  position, 
where  it  will  not  interfere  with  the  opening  of  the  breaker  when 
tripped.    The  breaker  is  opened  either  automatically  by  an 
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overload  or  by  a  trip  coil  that  receives  current  at  the  will  of 
the  operator  at  the  control  board;  in  either  case,  the  opening  is 
brought  about  by  springs  after  the  latch  has  been  tripped  by 
the  raising  of  an  armature. 

Some  types  of  electrically  operated  circuit-breakers  are  closed 
by  motors,  but  these  differ  from  solenoid-operated  breakers  in 

mechanical  details  only. 

20.    Low- Voltage  Release. 

The  low-voltage  release  is  de- 
signed to  open  a  constant-poten- 
tial circuit  when  the  voltage  falls 
below  a  predetermined  value, 
and  consists  of  a  coil  of  rather 
fine  wire  connected  across  the 
circuit.  When  the  circuit  is  at 
or  above  the  normal  voltage,  the 
coil  receives  sufficient  current  to 
maintain  a  magnetic  fltix  strong 
enough  to  hold  an  iron  core 
against  the  force  of  gravity. 
When  the  voltage  is  reduced  to 
the  tripping  value,  the  flux  is  too 
weak  to  support  the  core,  which 
then  drops  and  trips  the  latch  of 
the  circuit-breaker.  The  device 
is  adjustable  by  changing  the 
height  to  which  the  core  can  rise 
in  the  solenoid. 

Circuit-breakers  used  on  500- 

Pig  8 

or  600-volt  circuits  generally 
have  external  resistances  in  series  with  the  low-voltage  release 
coils,  in  order  that  the  coils  themselves  need  not  be  designed  to 
work  on  full  voltage.  The  resistance  may  be  mounted  in  any 
convenient  place,  but  is  generally  placed  on  the  rear  of  the 
switchboard  panel  and  near  the  circuit-breaker,  in  order  to 
shorten  the  wiring.  The  low-voltage  release  can  be  used  on 
circuit-breakers  with  or  without  the  overload  release. 
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21«  Reverse-Current  Release. — One  forni  of  circuit- 
breaker  intended  for  opening  a  circuit  when  the  direction  of 
current  is  reversed  has  in  its  base  a  solenoid  with  a  movable 
•  core,  or  plunger,  which,  when  the  coil  is  energized,  trips  the 
latch  of  the  breaker.  Under  normal  conditions,  this  solenoid 
is  not  in  circuit,  but  a  reversed  current  of  objectionable  amount 
actuates  a  device  that  doses  the  circuit  through  the  coil  of  a 
relay  that  connects  the  breaker-operating  solenoid  across  the 
main  circuit.  In  order  to  protect  the  breaker-operating  coil, 
which  is  designed  for  momentary  duty  only,  a  small  automatic 
switch,  mechanically  connected  to  the  circuit-breaker,  opens 
the  circuit  through  the  coil  when  the  breaker  operates.  The 
operation  and  connections  of  this  system  are  described  in  more 
detail  in  Electric  Stibstations, 

In  some  cases,  circuit-breakers  provided  with  shunt-operating 
coils  are  used  for  overload  service.  The  breaker  is  then  wired 
in  practically  the  same  manner  as  when  operating  on  reversal 
of  current,  the  difference  being  that  the  control  device  is 
arranged  to  dose  the  circuit  through  the  relay  on  overload 
current  in  normal  direction. 

Another  form  of  reverse-<nuTent  device  is  operated  by  a 
relay  that  shunts  the  low-voltage  release,  which  is  thereby 
deprived  of  nearly  all  of  its  current  and  operates  as  previously 
explained. 

22.  Speed-Limiting  Circuit-Breakers. — A  speed-limit- 
ing circuit-breaker  is  intended  to  open  the  circuit  of  a  motor 
or  synchronous  converter  when  its  speed  becomes  too  great. 
A  circuit-breaker  having  a  low-voltage  release  attachment  can 
be  so  wired  that  the  operation  of  a  speed-limit  device  will  shimt 
the  low-voltage  release  coil  and  thus  reduce  the  current  in  it 
suflSdently  to  penrJt  the  core  to  drop  and  trip  the  breaker.  The 
speed-limit  device  is  mechanical  in  operation,  employing  a 
rotatable  mechanism  driven  by  the  rotor  of  the  machine  to  be 
protected.  When  the  speed  of  the  rotating  mechanism  exceeds 
that  for  which  the  apparatus  is  adjusted,  the  device,  under  the 
influence  of  centrifugal  force,  operates  to  open  the  main  circuit  by 
shtmting  the  low-voltage  release. 
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dng  a  shunt-operating  coil,  as 
ay,  can  also  be  employed  as 
meeting  the  contacts  of-  the 
n  close  the  circuit  through  the 
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for  large  machines,   such  as 

converters,  in  electric  stations 

and  substations  are  usually 

made  of  cast-iron  grid  units, 

Fig.  9,   mounted  in  iron 

frames.    Taps  from  such  a 

resistance  are  connected  to 

some  form  of  starting  switch 

:an  be  short-circuited  in  steps. 

in  Fig.  10  (6).   The  dotted  lines 

ositions;  as  the  blade  is  raised, 


(b) 


,  and  the  resistance  is  short- 
in  the  vertical  position  of  the 
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blade  the  entire  resistance  is  cut  out.  The  pawl  a,  Fig.  10  (6), 
prevents  a  too  rapid  notching  up;  after  each  movement  of  the 
blade,  the  operator  must  pause  at  least  long  enough  to  raise 
the  pawl  from  a  notch  on  the  ratchet  attached  to  a  blade. 
The  dip  6  has  no  electric  connection;  it  serves  merely  as  a 
buffer  and  as  a  rest  for  the  blade  when  in  the  off-position. 


FIELD    RHBOSTATS 

24.  Field  rheostats,  used  for  the  voltage  regulation  of 
generators  and  the  speed  regulation  of  direct-current  motors, 
can  be  divided  into  three  classes:  the  series-resistance  type, 
shunt-resistance  type,  and  potentiometer  type. 

25.  The  series-resistance  type  of  field   rheostat   is 

represented  diagrammatically  in  Fig.  11.  The  arrangement 
shown  in  (a)  is  objectionable,  because  if  contact  between  the 
rotatable  arm  a  and 
the  contact  x>oints  b 
or  between  the  arm 
and  the  contact  seg- 
ment c  should  be 
broken,  the  field  cir- 
cuit would  be  opened. 
To  avoid  this  diffi- 
culty, some  series  rhe- 
ostats are  connected 
as  shown  in  (6);  then 
if  the  arm  fails  to 
make  contact,  the  field 
circuit  remains  closed, 
but  contains  all  of  the 
rheostat  resistance. 
With  the  first  scheme 
of  connections,  the 
rheostat  arm  must  be 
wide  enough  to  pass  from  one  contact  point  to  the  next  with- 
out breaking  the  circuit;  with  the  second  scheme  the  arm 
should  be  just  as  wid^,  in  order  to  prevent  the  momentary 
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Pic.  12 


introduction  of  the  whole  rheostat  resistance  into  the  field 
circuit  each  time  the  ann  passes  from  point  to  point. 

26.  Field  rheostats  of  the  shunt-resistance  type,  Fig.  12, 
are  used  when  it  is  desirable  to  be  able  to  reduce  the  exciting 

jbBus  current  to  practically 

J  I zero.  When  the  rheo- 
stat arm  is  in  position 
a,  the  field  winding  is 
short-circuited;  when 
in  position  6,  the  entire 
rheostat  resistance  is 
in  shunt  with  the  field 
winding;  in  any  other 
position  of  the  arm, 
part  of  the  rheostat 
resistance  is  in  shunt 
with  the  field  winding 
and  part  in  series  with  it.  Here,  also,  the  arm  must  be  wide 
enough  to  bridge  the  gap  between  adjacent  contact  points,  to 
prevent  opening  the  field  circuit. 

27.  The  potentiometer  type  of  field  rheostat,  Fig.  13, 
a  special  form  of  the  shtmt  type,  has  two  arms  a  and  h  that  move 
in  opposite  directions  with  respect  to  the  resistance,  although 
mounted  on  the  same  spindle  and  moving  mechanically  in  the 
same  direction.  To  permit  such  an  arrangement,  the  contact 
points  are  cross-connected,  as  shown.  By  means  of  this  type 
of  rheostat,  the  field  to  bus  aaaaaaaaaaa  roays 
current  can  be  lowered 
from  maximum  in  one 
direction  to  zero,  re- 
versed, and  raised  to 
maximum  in  the  other 

direction.    Such  rheo-  i^c  13 

stats  are  used  for  regtdating  the  excitation  of  the  fields  of  the 
series-synchronous-regulating  generators  of  rotary  converters 
and  for  varying  the  excitation  of  the  regulating  coils  of  split- 
pole  rotary  converters. 
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28.  Metliods  of  Fleld-Kheostat  Control. — Small  field 
rheostats  are  usually  mounted  directly  on  the  back  of  the 
switchboard,  as  shown  in  Fig.  14,  and  are  operated  by  a  hand 
wheel  connected  to  the  spindle  bearing  the  contact  arm  of  the 
rheostat.  The  rheostat  shown  in  Fig.  14  is  of  plate  type,  and  has 
three  plates  in  parallel.  The  weight  and  bulk  of  grid  type 
rheostats  make  it  inadvisable  to  motmt  them  directly  on  the 
switchboard;  hand  control  must  then  be  through  a  system  of 
shafts  and  bevel  gears,  as  in  Fig.  15,  or  through  a  chain  and 
sprocket   wheels.    A   hand-operated   rheostat   should   be   so 


Rft€0$t^ 


Pic.  14 


Pig.  15 


mounted  that  the  attendant  either  can  see  the  position  of  its 
arm  or  can  determine  its  approximate  place  by  the  position 
of  the  hand  wheel. 

29.  When  it  is  desirable  to  install  a  rheostat  in  a  position 
to  which  mechanical  operating  devices  cannot  be  conveniently 
run,  the  rheostat  should  be  equipped  for  remote  control.  A 
motor-operated  rheostat  is  provided  with  a  small  motor, 
usually  series-wotmd,  mounted  on  the  rheostat  frame  and  con- 
nected to  the  rheostat  spindle  through  reduction  gearing,  as 
in  Fig.  16,  in  which  a  is  the  motor  and  6  the  rheostat  arm.  The 
motor  is  controlled  by  a  reversing  switch  at  the  switchboard. 
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30.  Another  form  of  remote-control  device  for  field  rheo- 
stats, Fig.  17  (a),  has  a  ratchet  wheel  a  mounted  on  the  rheostat 
spindle.  Motion  is  imparted  to  the  wheel  through  two  pawls  6 
and  c,  one'  for  each  direction  of  rotation  and  only  one  of  which 
operates  at  a  time.  A  reciprocating  motion  is  given  to  the  pawls 
by  the  movement  of  a  bar  connected  to  the  cores  of  two  sole- 


PlG.  16 

noids  d  and  e  and  to  a  spring.  A  pull  by  the  solenoid  d  moves 
the  pawls  toward  the  left,  and  pawl  b  pushes  the  ratchet  wheel 
through  a  small  angle  in  a  clockwise  direction.  Near  the  end 
of  the  stroke,  an  extension  on  the  solenoid  core  engages  an 
interrupter  lever/,  view  (6),  the  movement  of  which  opens  the 
circuit  through  the  solenoid  and  permits  the  spring  (not  shown) 
to  bring  the  bar  and  pawls  to  the  neutral  position.    This 
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(a) 


action  continues  as  long  as  the  single-pole,  double-throw, 
control  switch  g  re- 
mains closed  to  the 
left.  Similarly,  by 
throwing  the  control 
switch,  to  the  right, 
the  solenoid  e  can  be 
made  active  and  the 
rheostat  arm  rotated 
in  the  opposite  direc- 
tion, step  by  step. 
In  Fig.  17  (a),  the 
interrupter  levers  are 
concealed;  in  (6),  the 
pawls  are  omitted. 
At  the  limit  of  its 
movement  in  either 
direction,  the  rheo- 
stat arm  engages  one 
of  two  switches  h, 
which  opens  the  cir- 
cuit through  the 
active  solenoid,  pre- 
venting any  attempt 
to  rotate  the  arm 
farther  in  that  direc- 
tion. The  other  sole- 
noid can,  however,  be 
brought  into  action. 
The  apparatus  is  thus 
automatically  pro-  ^ 
tected  from  injury  due  | 
to  leaving  either  con- 
trol circuit  closed  too 
long.  This  device  can 
also  be  used  to  adjust 
any  remote  resistance  other  than  field  rheostats,  where  auto- 
matic low-voltage  and  overload  release  f eattwes  are  not  required. 
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LIGHTNING  ARRESTERS  FOR  DIRECT-CURRENT 
CIRCUITS 

31«  Theory  of  Lightning  Arrester. — ^Protective  devices 
are  necessary  to  guard  electric  apparatus  against  abnormal 
rises  of  voltage  due  to  oscillating  static  charges  set  up  by 
lightning  discharges  in  the  neighborhood  of  a  line,  by  switch- 
ing operations,  by  sudden  short-circuits  on  the  line,  etc.  Appa- 
ratus on  direct-current  circuits  is  protected  by  connecting  a 
choke  coil  a,  Fig.  18,  in  series  with  the  lead  to  each  line  wine 
and  connecting  each  lead  to  the  ground  through  a  suitable 
discharge  device,  called  a  lightning  arrester,  at  a  point 

beyond  the  coil.   The  simple 


q\  Generator 


■^ 


line 


e 


lightning  arrester  consists 
of  a  spark  gap  6  in  series 
with  a  non-inductive  re- 
sisttw  c  of  high  resistance. 
The  choke  coils  are  of  suflB- 
cient  inductance  to  keep 
violent  fluctuations  or 
surges  of  current  from  enter- 
ing the  station  apparatus; 
sro(/na^  the  high-potential  discharge 

^^°*  ^^  is  forced  to  take  the  non- 

inductive  paths  through  the  arresters  to  the  groimd.  The  spark, 
gaps  of  the  arresters  are  too  far  apart  for  the  normal  line  elec- 
tromotive force  to  send  current  across  them  tmder  ordinary 
conditions;  but  the  arcs  caused  by  the  high-tension  discharges 
so  reduce  the  resistance  between  the  spark  points  that,  were  it 
not  for  devices  that  automatically  reduce  or  extinguish  the 
arc,  as  resistors  c,  the  generator  would  be  practically  short- 
circuited  and  a  disastrous  after  current  would  result. 

32.  Arresters  for  Direct-Current  Circuits. — ^Light- 
ning arresters  are  made  for  direct-current  general  lighting 
and  power  circuits  of  60  to  375  volts,  for  railway  and  power 
circuits  of  250  to  2,400  volts,  and  for  series  arc-lamp  circuits 
of  2,000  to  6,000  volts. 
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A  type  of  arrester  for  use  oh  constant-potential  direct- 
current  circuits  is  shown  in  Fig.  19  {a).  The  spark  points  a 
are  mounted  between 
two  barriers  on  the 
cover.  When  the  cover 
is  in  place,  the  contact 
clips  on  the  spark-gap 
terminals  engage  with 
other  clips  in  the  back  of 
the  arrester  case,  there- 
by connecting  the  spark 
gap  in  circuit  between 
the  line  and  the  groimd, 
as  shown  in  (6).  The 
coil  of  an  electromagnet 
c,  called  a  blow-out  coil, 
is  shunted  across  part  of 
the  resistance  rod  d. 
The  pole  pieces  6,  view 
(a),  of  the  magnet  are 
extended  so  that  the 
spark  gap  is  between 
them.  Part  of  the  after 
current  following  a 
lightning  discharge  is 
shunted  through  the 
blow-out  coil  and  sets  up 
a  magnetic  flux  that  acts 
on  the  arc  between  the 
spark  points.  The  arc, 
being  a  flexible  conduc- 
tor, is  so  distorted,  or  stretched,  by  this  action  that  it  breaks, 
or  blows  out:  The  gases  from  the  arc  escape  through  a  hole  in 
the  tasing. 

33«  An  example  of  the  horn-gap  arrester,  so  called  from 
the  shape  of  its  spark  terminals,  is  shown  in  Fig.  20.  This 
type  of  arrester  is  used  principally  on  series  arc-lamp  circuits, 
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^re  Lmm^a  caTTying  either  direct 

or  alternating  current. 
One  terminal  of  one 
spark  gap  is  connected 
to  the  outgoing  line 
and  one  terminal  of 
the  other  gap  to  the 
incoming  line;  the 
remaining  terminal  of 
each  gap  is  connected 
through  a  resistance 
to  the  ground.  The 
resistors  and  the  shape 
of  the  spark  terminals 
are  relied  on  to  extin- 
guish the  arc  at  the 
Fig.  20  spark  gap.    The   arc 

forms  at  the  narrowest  part  of  the  gap,  but  is  carried  upwards 

by  the  rising  air-currents  due  to  the  heat  of 

the  arc  itself,  until  broken  in  a  wider  part  of 

the  gap,  where,  due  to  its  increased  length,  the 

voltage  is  no  longer  able  to  sustain  it.    The 

resistors  reduce  the  after  current,  as  already 

explained. 

In  Fig.  21  is  shown  a  form  of  choke  coil  used 

on  street-railway  overhead  feeders.    The  coil 

is  made  of  copper  rod  large  enough  to  carry 

the  full  load  of  the  feeder  in   which  it  is 

connected. 

34.  Lightning- Arrester  Ground  Con- 
nections.— A  well-recommended  method  of 
making  a  ground  connection  for  a  lightning- 
arrester  installation,  is  to  drive  a  number  of 
1-inch  iron  pipes  6  or  8  feet  into  the  earth  sur- 
rounding the  station  and  connect  them  by  a 
copper  wire  or  thin  copper  strip.  To  decrease 
the  resistance,  a  quantity  of  salt  should  be  Pic.  21 
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placed  around  each  pipe  at  the  surface  of  the  ground,  and  the 
ground  should  be  thoroughly  moistened  with  water.  It  is 
advisable  to  connect  the  pipes  to  the  iron  framework  of  the 
station,  and  also  to  any  water  mains,  trolley  rails,  etc.  that  are 
available.  For  the  usual-sized  station,  it  is  recommended  that 
three  pipes  equally  spaced  be  placed  near  each  outside  wall 
and  three  other  pipes  spaced  about  6  feet  apart  at  a  point 
near  the  arrester.  This  method  of  grotmding  is  applicable 
to  installations  on  either  direct-current  or  alternating-current 
circuits.  

ALTERNATING-CURRENT  SWITCHGEAR 


CIRCUIT.OPENING  DEVICES 


KNIFE-BLADE    SWITCHES    AND    AUTOMATIC 
CIRCUIT-BBEAKEBS 

35.  Knife-blade  switches  of  the  types  described  tinder 
Direct-Current  Switchgear  are,  without  modification,  suitable 
for  use  on  low-tension  alternating- 
current  circuits.  The  current-carry- 
ing capacities  of  small  knife-blade 
switches  are  the  same  for  alternating 
current  as  for  direct  current;  in  the 
medium  and  large  sizes,  however,  the 
skin  effect  is  such  as  to  cause  a  switch 
to  become  heated  more  by  a  given 
alternating  current  than  by  a  direct 
current  of  equal  amperage. 

A  form  of  knife-blade  switch  for 
use  on  alternating-current  circuits  of 
voltages  up  to  nearly  50,000  is  shown 
in  Fig.  22.  These  switches  are  usually 
mounted  high  on  the  board,  in  order 
to  avoid  the  danger  of  personal  con- 
tact and  are  operated  by  means  of  a  long  wooden  pole  with  a 
hook  in  the  end.    The  distances  from  the  r^eptacle  clip  a  to 
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the  hinge  clip  b  range  from  a  few  inches  up  to  approxi- 
mately 2  feet,  depending  on   the  voltage.    These  switches 

are  not  suitable  for  break- 
ing heavy  currents. 

36.  Automatic  clr- 
cult-breaJkers,  such  as  are 
used  for  direct-current  cir- 
cuits, are,  by  slight  changes, 
made  suitable  for  use  in  low- 
tension  alternating-current 
work.  The  changes  consist 
of  so  winding  the  operating 
coil  that,  when  alternating 
current  is  passed  through  it, 
the  magnetic  flux  will  be 
^^  22  great  enough  to  operate  the 

tripping  device.  Alternat- 
ing-current circuit-breakers  must,  in  most  cases,  open  all  the 
phase  conductors  of  a  circuit  together,  and  it  is  therefore 
common  practice  to  have  two-  or  three-phase  circuit-breakers 
operated  by  one  handle,  as  shown  in  the  three-phase  breaker 
of  Fig.  23.  

OIL    SWITCHES 

37.  General  Principle. — Knife-blade  switches  or  air- 
break  circuit-breakers  are  not  suitable  for  use  in  high-voltage 
circuits  on  account  of  the  long  and  dangerous  arcs  that  are 
produced  when  large  currents  at  high  potential  are  broken  in 
air.  For  such  work  oil  switches  are  used.  These  are  so 
designed  that  the  actual  electric  circuit  is  made  and  broken 
tmder  the  surface  of  a  high-resistance  oil  contained  in  a  prac- 
tically closed  vessel.  The  weight  of  the  oil  and  its  cooling 
effect  combine  to  smother  the  arc  formed  at  the  instant  of 
breaking  the  circuit,  and  the  actual  length  of  the  arc  is  reduced 
to  only  a  fraction  of  what  it  would  be  if  the  opening  were  in 
free  air.  When  the  circuit  is  broken  tmder  oil,  the  arc,  though 
greatly  reduced  in  size,  lasts  through  several  cycles,  becoming 
weaker  at  each  alternation  and  finally  being  broken  at  an 
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instant  when  the  current  value  is  zero.    The  oil  wells  are  usually 
made  of  cast  iron  or  sheet  iron  lined  with  wood. 

38«  Arrangement  of  Contacts. — On  potentials  of  4,000 
volts  or  over,  it  is  common  practice  to  open  each  line  of  a 
circuit  in  a  separate  oil  vessel,  or  in  a  separate  compartment  of 
one  vessel,  and  to  open  each  line  simultaneously  in  two  places 
by  arranging  two  sets  of  contacts  in  series.    Fig.  24  shows  a 


Fig.  24 

15,000-volt,  300-ampere,  two-phase,  oil  switch  with  the  oil  well 
removed.  Leads  are  brought  to  each  pair  of  fixed  contacts  a 
through  porcelain  bushings  b  set  into  the  cast-irpn  cover  on  the 
under  side  of  which  the  oil  well  is  supported.  Each  movable 
contact  consists  of  two  parts,  a  main  contact  c  of  heavy  sheet 
copper  brushes  and  a  pair  of  auxiliary  contacts  d  consisting 
of  short,  movable,  copper  cylinders  held  in  place  by  helical 
springs.  On  opening  the  switch,  the  final  break  is  at  the 
auxiliary  contacts,  which  take  the  arc.    The  movable  contacts 
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are  carried  on  wooden  rods,  which  are  caused  to  move  up  or 
down  by  the  operation  of  a  system  of  levers  known  as  a  link 
mechanism.  In  Fig.  24  the  switch  is  shown  in  the  open 
position. 

The  design  of  the  contacts  of  oil  switches  is  differait  in 
switches  of  various  makes  and  capacities.  Some  large  capacity 
switches  not  only  open  each  line  in  two  places  but  make  each 
break  in  a  separate  oil  vessel,  the  mechanism  driving  each  of 
two  vertical  rods  into  a  separate  oil  well,  where  contact  is 
made  inside  of  a  spUt  copper  tube. 

39.  Manually  Operated  Oil  Switx5li. — Oil  switches  are 
operated  manually,  electrically,  or  pneumatically.     Manually 

operated  oil  switches 
are  suitable  for  use  on 
circuits  over  which  are 
transmitted  moderate 
.amounts  of  energy. 
They  are  operated  by 
a  handle  connecting 
through  some  form  of 
link  mechanism  to  the 
body  carrying  the 
moving  contacts.  For 
switches  that  are 
mounted  on  the  backs 
of  the  switchboard 
panels  the  linkage  is 
very  short.  When  it 
^^^'^  is  preferred  to  place 

the  switches  farther  away,  the  link's  length  is  increased  and 
change  of  direction  in  their  run  are  made  by  means  of  bell- 
cranks,  as  shown  in  Fig.  25. 

40.  Control  Switcli. — ^Electric  control  of  oil  switches  is 
obtained  by  means  of  direct  current  supplied  to  motors  or 
solenoids.  Electrically  controlled  oil  switches  are  generally 
installed  at  some  distance  from  the  switchboard,  which  then 
bears  only  the  control  switch  and  the  signal  lamps  that  indicate 
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if  the  oil  switch  is  open  or  closed  and  whether  or  not  the  opera- 
tion of  the  mechanism  is  complete. 

In  Fig.  26  is  shown  a  form  of  control  switch  used  for  the 
remote  control  of  motor-operated  oil  switches  and  of  some 
solenoid-operated  switches.  The  handle  is  connected  to  the 
blade  through  a  togglejoint  a.  Stops  (not  visible  in  the  illus- 
tration) limit  the  motion  of 
the  blade  so  that  it  cannot 
open  farther  than  the  opening 
dips  6  or  close  beyond  closing 
clips  c.  In  hand  operation, 
the  togglejoint  is  kept  straight. 
When  used  for  automatic  ope- 
ration, the  predetermined  load 
conditions,  such  as  overload, 
underload,  low  voltage,  etc., 
are  caused  to  operate  a  relay 
that  sends  current  through  a 
small  solenoid  in  the  rear  of  the 
switch.  The  solenoid  drives  a 
plunger  d  against  the  toggle- 
joint,  breaking  the  toggle  and 
allowing  the  springs  e  to  pull 

the  blade  into  the  opening  position.  The  signal  lamps  /  indi- 
cate to  the  operator  whether  or  not  the  oil-switch  movement 
is  completed  and  the  current  supply  properly  cut  off  from  the 
operating  device. 

41.  Motor-Operated  Mechanism. — In  Fig.  27  is  shown 
a  motor-operated  oil-break  switch  mechanism.  The  direct- 
current  motor  a  is  connected  through  a  magnetic  clutch  6  to  a 
worm-gear  that  rotates  a  crank  forming  one  point  in  a  panto- 
graph, or  straight-line,  motion.  The  crank  connects  through  a 
system  of  levers  to  arms  c  that  carry  vertical  rods  (not  shown  in 
Fig.  27)  bearing  the  contact  forks  tljiat  make  or  break  the  main 
circuit.  The  vertical  rods  pass  through  the  top  of  the  concrete 
or  brick  structure  forming  the  fireproof  compartments  in 
which  are  erected  the  oil  tanks  of  the  switch.    Fig.  28  shows 
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the  general  arrangement  of  a  complete  three-phase  switch,  with 
the  doors  of  the  fireproof  compartments  omitted  so  as  to 
reveal  the  interior  of  the  compartments. 

The  motor  starts  the  mechanism  and  causes  it  to  pass  a 
dead  center,  after  which  powerful  coil  springs  drive  the  device, 
almost,  but  not  quite,  completing  its  movement.    While  the 


Pig.  27 

Springs  are  operating  the  mechanism,  the  motor  continues  to 
rotate,  but  nms  free.  When  the  operation  of  the  springs  is 
complete,  the  motor  engages  the  shaft  through  a  mechanical 
clutch,  completes  the  switch  movement,  and  winds  the  springs 
to  tension  for  the  next  operation.    At  this  jimcture,  a  cam 
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on  the  rotating  shaft  of  the  pantograph  motion  operates  a  cut- 
out master  finger,  which  opens  the  control  circuit  and  thereby 
causes  the  magnetic  clutch  to  release.  The  master  finger  is 
hdd  against  the  cam  surface  by  springs. 

A  projection  d,  Fig.  27,  that  rotates  with  one  of  the  speed- 
reduction  gears  catches  on  a  projecting  part  of  the  mechanism 
if  the  switch,  in  opening,  should  continue  its  motion  too  far 
and  begin  to  close,  a  condition  that  might  result  if  the  cam  con- 
trolling the  master  finger  were  out  of  adjustment  or  if  the  mag- 
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netic  dutch  should  fail  to  release.  The  establishn^ent  of  the 
control  circuit  operates  a  magnet  that  draws  back  the  engaging 
projection  during  normal  operation  of  the  mechanism. 

42.  Solenold-Oporated  Mechanism. — ^A  type  of  large, 
solenoid-operated,  oil  switch  is  shown  in  Fig.  29.  Powerful 
solenoids  a,  when  energized  by  current  in  the  control  circuit, 
move  iron  cores  b  sl  short  distance.  The  ends  of  the  cores 
connect  through  sprocket  chains  to  a  system  of  levers  carrying 
the  contact-making  parts,  which  are  similar  in  design  to  those 
of  the  hand-operated  s^\dtch  shown  in  Fig.  24.    The  swtch, 
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Fig.  29,  is  shown  with  the  oil  wells  removed  and  without 
the  brick  or  concrete  barriers.  One  of  the  three  oil  tanks 
required  for  this  switch  is  shown  at  c  and  its  supporting 
pedestal  at  d.  In  addition  to  the  pedestal  support,  the  tanks 
are  clamped  to  the  casting  e.  Leads  /  and  g  of  the  large  and 
small  conductors  are  connected  to  the  main  and  control  cir- 
cuits, respectively. 

43,  Pneumatic  Operation. — Oil  switches  operated  by 
compressed  air  are  not  \ised  to  as  great  an  extent  as  those 

worked  by  electricity. 
The  mechanism  that  has 
air  for  its  operation  is 
used  where  remote  con- 
trol is  desired,  but  where 
direct  current  is  not  con- 
veniently available. 

One  type  of  switch 
mechanism  put  in  action 
by  means  of  compressed 
air  is  practically  identi- 
cal with  machinery  of 
the  same  type  that  has 
the  solenoid  for  its 
operation  except  that  the 
latter  is  replaced  by  a 
diaphragm  arrangement 
acttiated  by  compressed 
air.  The  air  is  controlled 
either  by  hand-operated 
or  by  electrically  oper- 
ated valves.  Each 
switch  is  supplied  from 
^'°-20  an  axixiliary  tank  that 

receives  air  from  a  main  storage  tank.  A  compressor  driven 
by  an  alternating-current  motor  furnishes  the  air  supply. 

44.  Automatic  Operation. — Oil-break  switches  pro\nded 
with  automatic  devices  for  opening  the  circuit  when  the  current 
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exceeds  a  predetermined  amoiint  are  practically  high-tension 
circuit-breakers.  The  primary  of  a  current  transformer  is 
connected  in  the  main  circtiit;  the  secondary  is  in  series  with  the 
coil  of  a  relay  by  means  of  which  a  direct-ciurent  circuit  is 
closed  through  the  operating  device  of  the  oil  switch.  Hand- 
operated  oil  switches  with  automatic  release  are  provided  with 
a  spring-and-toggle  arrangement;  current  through  the  solenoid, 
or  trip  coil,  of  the  operating  device  raises  a  plunger  that  breaks 
the  toggle  and  allows  the  spring  to  open  the  switch.  In  motor- 
and  solenoid-operated  oil  switches  the  relay  performs  the  same 
service  as  the  control  switch. 

Some  hand-controlled  oil  switches  are  operated  without  a 
relay,  the  secondary  of  the  current  transformer  being  con- 
nected in  series  with  the  trip  coil  of  the  switch.  Switches  of 
this  kind  do  not  require  direct  current  for  their  automatic 
opening. 

45.  Example  of  Overload  Relay. — ^An  overload  relay  for 
use  in  connection  with  the  operation  of  high-tension  oil  switches 
as  circtiit-breakers  is  shown  in  Fig.  30.    A  coil  within  the  casing  a 
is  connected  in  series  with  the  secondary  wind- 
ing of  the  current  transformer  and  is  designed  to 

carry  about  5  amperes  at  normal  load  on  the 
main  circuit.  When  the  current  in  this  coil 
exceeds  the  amount  for  which  the  relay  is 
adjusted,  a  cone-shaped  contact  b  is  raised,  by  a 
movable  core,  into  contact  with  two  stationary 
fingers  c,  completing  the  circuit  through  the 
opening  device  of  the  oil-switch-operating 
mechanism. 

46.  Time    Element    in  *  Relay    Action. 

Circuit-dosing  and  circuit-opening  relays  are 
made  in  three  types. 

Instantaneous  relays  operate  almost  instantly  on  the 
occurrence  of  the  condition,  such  as  overload,  that  the  relays 
are  to  control. 

Inverse  time-limit  relays  can  be  adjusted  for  a  delay 
between  the  occiurence  of  an  overload  and  the  closing  of  the 
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relay  contacts,  the  extent  of  the  delay  being  approximately 
inversely  proportional  to  the  magnitude  of  the  overload. 
When  the  type  of  relay  shown  in  Fig.  30  is  designed  for  inverse 
time-limit  operation,  the  upward  motion  of  the  core  with  its 
contact-making  cone  is  opposed  by  a  small  circular  diaphragm, 
or  bellows,  within  the  casing  at  the  top.  On  being  pushed 
inwards  by  the  core,  the  bellows  forces  air  out  through  a  set 
of  narrow  passages.  The  time  required  for  the  operation  of  the 
relay  with  any  given  current  is  regulated  by  adjusting  the  size 
of  the  air  passages. 

47.  In  the  definite  time-limit  type  of  relay,  the  time 
limft  is  practically  constant  for  any  given  setting  under  ordinary 
conditions  of  overload  or  short  circuit.  When  adapted  to 
definite  time-limit  operation,  the  relay  just  described  has  a 
compression  spring  interposed  between  the  movable  core  and 
the  diaphragm.  In  rising,  the  core  compresses  the  spring  and 
further  motion  of  the  core  is  prevented  by  a  stop,  making  the 
relay  practically  independent  of  the  amount  of  the  overload; 
only  the  stored  energy  in  the  spring,  if  the  overload  continues, 
applies  power  to  the  diaphragm.  If  the  overload  comes  on  so 
slowly  that  the  spring  is  not  fully  compressed  at  once,  the  time 
limit  will  vary  slightly.  If,  therefore,  the  scheme  of  operation 
requires  protection  against  a  creeping,  or  comparatively  slowly 
increasing,  load  an  instantaneous  relay  is  used  to  close  the 
circuit  through  the  solenoid  of  a  definite  time-limit  relay. 

48.  Reverse-Current  Relays. — In  some  cases  relays  are 
use  to  open  the  oil  switch  automatically  when  the  direction 
of  energy  flow  is  reversed.  Such  a  relay  has  two  coils,  one  in 
series  with  the  secondary  of  a  current  transformer  and  the 
other  supplied  from  the  secondary  of  a  potential  transformer. 
Ordinarily,  the  only  force  tending  to  move  the  contact-making 
part  is  that  due  to  the  difference  of  the  m^netomotive  forces 
of  the  two  windings.  When  the  energy  flow  is  reversed,  the 
force  tending  to  move  the  contact-carrjmig  device  is  that  due 
to  the  sum  of  the  magnetomotive  forces.  Reverse-current 
relays  are  made  for  instantaneous,  definite  time  limit,  or 
inverse  time-limit  operation. 


Digiti 


ized  by  Google 


§53 


SWITCHGEAR 


33 


HIOH-TENBION    FUSES 

49»    General  Features. — ^Although  automatically  operated 
oil  switches  are  better  for  opening  a  circuit  than  fuses 
when  any  large  amoimt  of  energy  in  the  f  onn  of  a  high- 
pressure  current  is  to  be  interrupted,  the  cost  of  oil 
switches  sometimes  leads  to  the  use  of  high-tension 
fuses,  which  are  made  long,  and  on  accoimt  of  their 
small  current  capacity  are  small  in  cross-section.    In 
order  that  the  arc  formed  at  the  moment  of  fusing  shall 
be  interrupted,  springs  hold  the  fuse  strip  under  tension, 
and,  as  soon  as  the  metal  becomes  hot  enough  to  be 
nearly  melted,  the  springs  break  the  fuse  and  rapidly 
separate  the  ends.    In  order  to  prevent  the  arc  from  ^'c-^i 
jumping  to  near-by  apparatus  and  to  smother  it  as  much  as 
possible,  the  fuse  and  springs  are  nearly  enclosed. 

50.    Examples  of  High-Tension  Fuses. 

In  one  form  of  high-tension  fuse  construction 
the  alimiinum  fuse  strip.  Fig.  31,  Ues  between 
blocks  of  wood,  as  in  Fig.  32,  except  at  the 
part  of  narrow  section  where  the  blowing 
occtu^.  The  blocks  serve  to  prevent  the  arc 
from  following  the  t>roken  ends  as  they  are 
pulled  by  the  concealed  springs. 

5 1  •  High-tension  fuses  for  use  with  a  poten- 
tial transformer  of  6,600  to  60,000  volts  are 
made  to  carry  only  a  small  current,  usually 
not  more  than  about  i  to  1  ampere.  One 
form.  Fig.  33,  consists  of  a  hard  fiber  tube,  of  a 
length  adapted  to  the  voltage  of  the  circuit, 
bearing  on  the  outside  of  one  end  a  small 
metal  ferrule  and  on  the  other  end  a  brass  bulb. 
The  fuse  wire  is  fastened  by  screws  to  the 
ferrule  at  one  end  and  to  the  bulb  at  the  other. 
The  space  within  the  bulb  is  an  explosion 
chamber  in  which  the  fuse  can  blow.  In  order  that  the  blow- 
ing will  occur  in  the  chamber  rather  than  in  the  tube,  the  fuse 
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il  is  smaller  in  cross-section  in  the  former  than  in  the  latter. 
;n  the  fuse  blows,  the  explosion  with  the  consequent  expan- 
of  the  gases  formed  in  the  bulb,  projects  the  arc  out 
ugh  the  open  end  of  the  tube  and  opens  the  circuit.  New 
5  can  be  inserted  into  the  holder,  and  a  hook  with  a  wooden 
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lie  is  provided  to  remove  the  holder  from  the  contact  clips, 
method  of  mounting  this  type  of  fuse  on  a  potential  trans- 
ler  is  shown  in  Fig.  34.  The  expulsion  fuse,  as  the  type  is 
monly  known,  with  slight  modifications  in  construction,  is 
used  for  other  purposes. 

2.  Another  type  of  high-potential  fuse  is  made  for  use  on 
lits  of  10,000  volts  and  higher.  The  fuse  metal  is  held 
^  tension  by  a  spring,  and  both  spring  and  fuse  metal  are 
ersed  in  an  insulating  and  fireproof  solution  that  fills  a 


Fig.  34 


1  tube.  When  the  fuse  blows,  the  gap  is  immediately 
:hened  by  the  springs,  which  pulls  the  lower  end  downwards, 
ddition,  the  arc  is  immediately  extinguished  by  means  of 
iquid  in  the  tube. 
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AI/rERNATENG-CURRENT     REGULATING     DEVICES 

63.  The  voltage  regulation  of  alternating-current  circuits 
is  of  such  importance  that  an  entire  Section  has  been  devoted 
to  that  subject.  Therein  are  described  apparatus  that  are 
logically  classed  with  switchgear  and  would,  except  for  their 
importance  and  the  consequent  space  necessary  for  a  proper 
explanation  of  them,  be  described  here. 


LIGHTNING  ARRESTERS  FOR  ALTERNATING- 
CURRENT  CIRCUITS 


PURPOSE 


54.  Lightning  arresters  for  use  on  alternating-current 
circuits  are  intended  to  protect  the  apparatus  in  the  station 
or  substation  from  high-frequency  disturbances,  either  in  the 
form  of  lightning  or  of  high-frequency  waves  caused  by  surges 
or  open-air  arcs.  They  discharge  high-frequency  disturbance 
and  prevent  an  unduly  large  potential  from  developing  either 
between  conductors  or  between  conductors  and  ground,  and 
they  mtist  prevent  the  current  of  the  circuit  from  following  the 
path  of  the  high-frequency  discharge  to  ground. 


MULTIOAP    ARRB8TBB 

55»    Action  Across  Gaps. — In  Fig.  35  is  shown  a  2,200- 
volt  multigap  arrester,  with  graded  shunt  resistance. 

The  arrester  has  thirteen  air  gaps  between  knurled  cylinders 
of  a  special,  so-called  noiv-arcing  metal,  an  alloy  containing  a 
metal  of  low  boiling  point  and  one  of  high  boiling  point.  The 
cylinders  act  like  plates  of  a  condenser,  each  cylinder  on  being 
charged  inducing  a  charge  on  the  next.  If  the  potential  becomes 
high  enough,  the  first  cylinder  discharges  to  the  second  by  a 
spark  across  the  air  gap,  and  thus  the  second  cylinder  becomes 
charged  almost  to  line  potential;  the  next  gap  breaks  down 
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and  the  discharge  continues  across  the  gaps  successively  to  the 

grounded  terminal  of  the  arrester. 
The  line  current  foUows  the  static  discharge  and  jumps  across 

the  gaps,  which  now  have  a  greatly  reduced  resistance.  This 
action  continues  until  the  electromotive 
force  passes  through  zero  in  reversing. 
Before  the  electromotive  force  can  establish 
a  reversed  current,  the  arc  vapor  cools  to  a 
non-conducting  state. 

An  arrester  with  a  series  of  small  gaps 
discharges  at  a  much  lower  voltage  than  an 
arrester  with  a  single  gap  of  a  length  equal 
to  the  sum  of  the  small  gaps.  At  the  same 
time,  there  are  enough  gaps  to  insure  the 
extinguishing  of  the  arc  that  follows  a 
discharge. 

56*    Action  of  Graded  Shunt  Resls- 
^    ,,  tanee. — ^A  resistance  in  series  with  the  air 

Fig.  36 

gaps  of  an  arrester  may  limit  a  static 
discharge  to  such  an  extent  that  an  arrester  with  a  series 
resistance  will  fail  to  give  protection  against  a  destructive  rise 
of  voltage  imder  severe  conditions.  An  arrester  with  graded 
shimt  resistance,  however,  gives  paths  among  which  a  discharge 
of  any  frequency  can  find  a  low-impedance  passage  to  the 
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groimd.  In  the  arrester  shown  in  Fig.  35,  for  instance,  one 
path — high  resistance  and  two  series  gaps — is  for  discharges 
of  low  frequency  or  for  discharging  a  gradual  accumulation  of 
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static  electricity;  a  second  path — ^low  resistance  and  four  series 
gaps — ^is  for  discharges  of  medium  frequency;  and  a  third 
path — gaps  only —  is  for  discharges  of  extremely  high  frequency. 
When  the  gaps  of  an  arrester  are  shunted  by  even  a  low  resis- 
tance, discharges  of  very  high  frequency  (hundreds  of  thou- 
sands, or,  possibly,  ToUne  ToUne  ToUne 

millions,  of  cycles  per 
second)  find  it  rela- 
tively difficult  to 
overcome  the  impe- 
dance of  the  resis- 
tance rods,  but  com- 
paratively easy  to 
pass  across  all  the 
gaps,  owing  to  the 
condenser  effect. 

The  shunt  resis- 
tances also  assist  in 
the  prevention  of 
arcing.  It  is  shown 
by  tests  that  when- 
ever a  number  of 
gaps  are  shunted  by 
a  resistance  of  less 
than  a  certain  ohmic 
value  per  gap,  the 
dynamic  current  will 
take  the  path  through 
the  shunt  resistance, 
even  when  the  heav- 
iest static  discharges 
pass  across  the 
shtmted  gaps. 


Grauna 
Fig.  37 


57.  Hlgli-Voltage  Multigap  Arrester. — High-voltage 
multigap  arresters  are  made  up  of  tmits,  Fig.  36,  in  which  the 
knurled  cylinders  are  arranged  diagonally  in  order  to  save  space, 
for  a  high-voltage  arrester  requires  a  large  number  of  gaps  in 
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series.    The  cylinders  are  mounted  on  porcelain,  which  insu- 
lates them  from  one  another.     Units  are  connected  together 

by  short,  metal  strips. 
In  Fig.  37  are  shown 
the  connections  of  a 
graded,  shunt-resis- 
tance, multigap  ar- 
rester for  a  33,000- 
volt  delta-connected, 
or  imgrotmded  Y-con- 
^'°"^  nected,  three-phase 

system.  The  fourth  arrester  leg,  between  the  common  con- 
nection of  the  other  three  legs  and  the  ground,  is  necessary 
because  without  it,  if  one  line 
conductor  becomes  accidentally 
groimded,  the  full  line  voltage 
will  be  thrown  across  one  1^  of 
the  arrester.  On  a  Y  system 
with  a  grotmded  neutral,  this 
ground  leg  is  omitted  because 
on  such  a  system  an  acciden- 
tally groimded  phase  wire  causes 
a  short  circuit  of  that  phase  and 
the  arrester  is  relieved  of  the 
stress  by  the  tripping  of  the 
circuit-breaker. 

An  auxiliary  adjustable  gap  a 
between  each  line  wire  and  the 
corresponding  arrester  leg  is 
necessary  to  take  care  of  partic- 
ularly severe  abnormal  condi- 
tions. Each  auxiliary  gap  is 
short-circuited  by  a  fuse  6,  so 
that  it  comes  into  service  only 
when  the  fuse  blows  on  accoimt 
of  an  arc  between  phase  wire 

and  ground  or  because  of  some  similar  extremely  severe  con- 
tinued stress.     The  sensitiveness  of  the  arrester  is  also  greatly 
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increased  by  a  similar  fuse  c  shiinting  an  auxiliary  adjustable 
gap  and  part  of  the  main  gaps  of  the  groimd  leg.  These  fuses 
must  be  inspected  frequently  and  replaced  when  necessary. 


ELECTROLYTIC    ABBESTBB 

58.    The   aluminum-cell,    or   electrolytic    lightning 

arrester  has  the  advantage  of  a  very  large  discharge  capacity, 
and  can  be  made  to  discharge  when  the  pressure  on  the  lines 
has  increased  by  only  10  or  15  per  cent.,  thus  protecting  the 
apparatus  against  high  potential  due  to  surges,  as  well  as  to 
lightning.  Aluminum-cell  arresters  can  be  installed  either 
indoors  or  outdoors  as  may  be  most  convenient,  although  they 
are  recommended  for  indoor  installation,  as  the  electrolyte 
freezes  at  a  temperature  of  about  20°  F. 


CHOKE    COIIiS 

59.  Choke  colls  used  on  alternating-current  systems 
usually  have  only  a  few  ttuns,  but  these  have  impedance  enough 
to  choke  back  the  high-frequency  waves  of  a  lightning  discharge. 
For  circuits  operating  at  voltages  up  to  6,600,  cylindrical  coils 
of  insulated  wire  mounted  on  a  marble  base  are  usually  employed. 
For  voltages  above  6,600,  bare  wire  wound  into  the  shape  of  an 
hoiur  glass.  Fig.  38,  is  used.  The  flat  spiral,  or  pancake,  coil  of 
Fig.  39  is  made  of  insulated  strip  copper  and  has  considerably 
more  reactance  than  the  other  two  forms. 


THE  ASSEMBLED  SWITCHBOARD 


DEElNrnON  AND  GENERAL  REQUIREMENTS 

60.  To  be  tised  most  conveniently  and  effectively,  the 
various  devices  comprising  switchgear  must  be  suitably 
arranged  with  respect  to  one  another.  Usually  switches, 
relays,  and  instruments  are  mounted  on  slate  or  marble  panels, 
in  the  rear  of  which  are  the  copper  busses,  ties,  machine  leads, 
feeder  leads,  instrviment  leads,  etc.,  connecting  the  several 
parts  and  devices  of  the  generating  and  transmission  system. 
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The  combination  of  date  or  marble  panels,  switches,  instru- 
ments, busses,  and  instrument  leads  is  referred  to  as  the  swltdi- 
board.  The  switchboard  is  the  center  from  which  the  greatest 
part  of  the  electric  machinery  of  a  station  is  controlled.  The 
connections  should  be  as  simple  and  as  easily  traceable  as  the 
requirements  will  permit. 

It  is  the  general  practice  to  set  all  of  the  panels  in  a  straight 
line  when  there  is  sufficient  space.  Some  instruments,  such 
as  voltmeters  and  s)aichronizing  indicators,  which  must  be 
observed  when  performing  operations  at  various  places  on  the 
switchboard,  are  put  on  iving  panels  set  at  an  angle  with  the 
main  line  of  the  switchboard. 


PRESSURE  WIRING 

61 .  Small  wiring  connected  to  instruments,  control  switches, 
relays,  and  the  like,  is  sometimes  called  pressure  wiring. 
Such  wiring  is  generally  moimted  on  the  rear  surface  of  the 
switchboard  panels,  where  it  is  fastened  in  place  by  small  fiber 
or  hard-rubber  cleats  held  by  screws  driven  into  wooden  or  lead 
plugs  set  in  the  marble  or  slate. 

In  pressure  wiring,  conductors  with  a  considerable  difference 
of  potential  between  them  may  be  placed  side  by  side;  it  is 
therefore  important  that  the  conductors  be  well  insulated,  and 
it  is  desirable  that  the  insulation  be  flame-proof. 


DIRECT-CURRENT  SWITCHBOARDS 


ABRANOEMENT  OF  SWITCHOBAB 

62.  In  direct-current  switchboard  design,  it  is  better  to 
have  a  separate  switchboard  panel  for  each  generator  or  motcw: 
imit;  if  two  panels  per  unit  are  required,  they  are  usually  placed 
side  by  side. 

Circuit-breakers  are  put  at  the  tops  of  the  panels  so  that  the 
arc  which  is  formed  when  they  open  will  not  affect  any  of  the 
other  switchboard  apparatus. 
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If  heavy  currents  are  carried  on  the  busses,  the  switchboard 
instruments,  unless  provided  with  heavy  magnetic  shields, 
must  not  be  placed  in  such  positions  as  to  be  affected  by  the 
magnetic  field  around  the  busses.  An  instrument  not  heavily 
shielded  magnetically  should  not  be  mounted  nearer  than 
about  6  inches  from  a  bus  carrying  400  amperes,  8  inches  from 
a  bus  having  a  load  of  1,600  amperes,  or 
14  inches  from  a  bus  carrying  2,500  amperes. 

The  switches  are  directly  under  the  circuit- 
breakers,  but  far  enough  away  so  that  flying 
particles  of  hot  copper,  or  carbon  from  the 
latter  may  not  be  thrown  into  the  faces  and 
eyes  of  the  operating  men.  The  instnmients 
are  placed  where  they  can  be  observed  easily 
by  the  operator  when  he  closes  the  switch. 


BUS-BABS 

63.  Copper  bars  used  for  direct-current 
busses  are  generally  uninsulated,  as  it  is 
impracticable  to  insulate  all\  of  the  current- 
carrying  parts,  and  to  insulate  some  might 
lead  to  a  false  sense  of  safety. 

Bus-bars  should  be  supported  at  a  dis- 
tance of  8  to  12  inches  in  the  rear  of  the 
panels  and  mounted  on  firm  insulators  set 
on  brackets  fastened  to  the  structural-iron 
frame  that  supports  the  switchboard.  If  of 
a  capacity  as  large  as  3,000  amperes,  the 
busses  should  be  made  of  two  or  more  wide 
thin  copper  bars  spaced  about  i  inch  apart, 
in  order  to  give  better  ventilation  and  more 
surface  for  the  radiation  of  heat  than  could  be  obtained  by  the 
use  of  one  large,  thick  bar. 

64.  Air  Circulation. — ^Air  circulation  between  the  indi- 
vidtial  bars  of  a  bus  is  best  when  they  are  set  on  edge,  as  shown 
in  Fig.  40.  This  method  of  setting  busses  is,  however,  objec- 
tionable for  two  reasons:    The  rear  surfaces  of  panels  are 
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rendered  difficult  of  access  for  installing,  repairing,  or  changing 
the  small  wires  that  are  fastened  to  the  panels;  also,  when  btisses 
of  different  polarity,  or  several  busses  of  like  polarity,  but  of 
unlike  voltages,  are  together  in  the  rear  of  the  same  panels,  the 
distance  between  adjacent  busies  is  rather  small  if  the  edgewise 
arrangement  is  used,  thereby  increasing  the  danger  from  short 
circuits.  For  these  reasons,  some  engineers  prefer 
to  lay  the  bars  flat,  as  shown  in  Fig.  41,  compen- 
sating for  the  reduced  ventilation  by  increasing 
the  cross-sectional  area  of  the  busses. 

65.  Current  Density  In  Busses. — ^To  pre- 
vent heating  of  the  bars,  the  current  density  in 
copper  busses  should  be  rather  low,  especially  if 
they  are  long,  either  continuous,  or  made  up  of 
sections  firmly  bolted  together.  Heating  causes 
expansion,  which  puts  undue  stresses  on  the  studs 
of  switches  and  on  the  jumpers  between  them  and 
the  bus-bars.  Bus-bars  set  on  edge  should  not 
have  a  current  density  of  more  than  1,000  amperes 
per  square  inch  of  cross-sectional  area;  for  bars 
laid  flat,  950  amperes  per  square  inch  has  been 
found  to  be  the  allowable  maximum. 

66.  Joints  In  Busses. — ^A  form  of  construc- 
tion in  quite  general  use  for  making  joints  in  busses 
is  to  overlap  the  copper  bars  but  not  to  bolt  them. 
The  bars  are  held  in  good  electric  contact  at  each 

joint  by  a  three-cornered  clamp  set  up  by  bolts.  This  method 
allows  for  expansion  and  contraction,  and  relieves  a  part  of  the 
stress  on  the  jimipers  and  switch  studs. 

67.  Separation  of  Busses  of  Unlike  Polarity. — Busses 
of  unlike  polarity  should  be  separated  in  such  a  manner  as  to 
make  it  difficult  to  start  a  short  circuit  by  making  an  electric 
contact  between  them.  When  both  the  positive  and  the  nega- 
tive busses  are  on  the  same  switchboard,  the  separation  is 
sometimes  made  by  putting  all  of  the  negative  busses  near  the 
lower  part  and  the  positive  busses  near  the  top,  as  shown 
in  Fig.  40.     Sometimes  the  positive  busses  and  switches  are  on 
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one  switchboaxd  and  the  negatives  on  another  with  an  aisle 
between  them. 

The  switchboard  should  never  be  set  up  so  close  to  a  wall 
that  it  will  be  difficult  to  work  in  the  rear  of  it.  The  space 
between  the  wall  and  the  busses  should  not  be  less  than  3  feet, 
and  a  space  of  5  feet  is  better. 


ALTERNATING-CIIRRENT  SWITCHBOARDS 
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DIBECIvbONTBOL   SWITCHBOARDS 

68.  Direct-control  switchboards  for  alternating 
current  are  used  in  plants  of  small  or  moderate  capacity 
(50  to  750  kilowatts)  operating  at  voltages  ranging  from  240  to 
3,000.  The  oil  switches  are 
usually  secured  to  the  back 
of  the  board,  with  the  ope- 
rating mechanism  extending 
through  the  board  to  connect 
with  the  operating  handle  in 
front.  The  oil  switch  is 
usually  supported  on  a 
bracket,  either  bolted  directly 
to  the  slate  or  marble  panel, 
or  clamped  to  the  framework, 
as  shown  in  Fig.  42. 

The  bus-bars  are  usually 
supported  on  porcelain  insu- 
lators clamped  to  brackets  near  the  top  and  in  the  rear  of  the 
switchboard.  This  location  places  the  bus-bars  out  of  danger 
and  leaves  room  for  the  ready  inspection  or  repair  of  the  oil 
switches  and  their  control  mechanisms. 


Pig.  42 


REMOTE-CONTROL   SWITCHBOARDS 

69»  In  stations  of  large  capacities  and  greater  voltages, 
instruments  and  relays  are  operated  by  the  secondary  currents 
from  the  instrument  transformers  instead  of  directly  by  current 


Digiti 


ized  by  Google 


44  SWITCHGEAR  %^l 

from  the  main  circuit,  and  the  location  of  the  main-circuit 
connections  on  or  near  the  switchboard  is  imnecessary. 
Requirements  of  safety,  space,  fireproofing,  etc.  also  make 
desirable  the  removal  of  high-tension  apparatus  and  connec- 
tions from  the  switchboard. 

70»  Mechanical  Airangrement.— The  simplest  system  of 
remote  control  is  the  mechanical  arrangement  shown  in  Fig.  25. 
The  aisle  between  the  switchboard  and  the  oil  switches  should  be 

y  wide  enough  for  work  to  be 
'  safely  performed  on  the  switches 
\  or  on  the  rear  of  the  board. 
\  The  bus-bars  should  be  high 
I  enough  to  be  out  of  reach,  and 
i  high-tension  leads  from  the  oil 
c  switches  should  be  insulated. 
I  Instrument  transformers  are 
■  usually  mounted  on  the  wall 
:  back  of  the  switches. 

Sometimes,  the  switchboard 
I  is  erected  on  a  gallery  overlook- 
ing the  machinery  and  the  oil 
switches  and  busses  are  installed 
on  the  machine  floor,  as  in 
Fig.  43.  A  similar  arrangement 
is  used  when  the  switchboard  is 
installed  on  the  main  floor  and 
the  oil  switches  and  busses  are 
placed  in  the  basement. 

71.    Electric    Control. 

When  the  oil  switches  and  the 
bus-bars  are  installed  at  a  con- 
^'^•^3  siderable  distance  from  the 

switchboard,  electric  control  of  the  oil  switches  is  employed. 
Control  current  is  carried  from  the  direct-current  operating  busses 
on  the  switchboard  to  the  oil  switches,  sometimes  installed  in 
a  special  switch  room,  through  control  leads,  as  shown  in 
Fig.  44.    The  control  leads  are  usually  carried  in  conduit. 
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Direct-control  and  mechanically  operated,  remote-control 
switchboards  are  generally  arranged  with  the  generator  oil 
switches  and  switchboard  panels  at  one  end  of  the  busses  and 
the  feeder  switches  and  panels  at  the  other  end;  the  switches 
are  in  line  with  the  panels.  In  electrically  controlled  systems, 
also,  the  switchboard  is  conveniently  arranged  with  the  panels 
grouped  together  in  exciter,  generator,  and  feeder  sections. 
The  oil  switches, 
however,  need  not 
be  so  grouped;  that 
is,  it  is  not  necessary 
for  all  the  generator 
switches  to  be  placed 
at  one  end  of  the 
busses  and  all  the 
feeder  switches  at 
the  other.  In  some 
installations,  this 
flexibility  is  of  con- 
siderable advantage. 


72.    Arrange- 
ment of  Bus-Bars. 

Bus-bars  are  not 
always  arranged  in  a 
horizontal  plane,  as 
in  Figs.  25  and  43, 
and  the  bars  are  not 
always  rectangular  in 
cross-section.    In  one 


Fig.  44 

form  of  bus-bar  construction  for  4,000-volt  circtiits,  roimd  bars 
are  wrapped  with  about  i  inch  thickness  of  high-grade  insula- 
tion possessing  great  dielectric  strength.  The  bars  are  sup- 
ported one  above  the  other  by  wooden  bushings  secured  to 
the  vertical  members  of  the  steel  frame  that  supports  the  oil 
switches. 

In  high-tension  systems,  the  bus-bars  are  supported  on  large 
porcelain  insulators  and  separated  by  brick,  asbestos  board. 
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or  concrete  barrier  construction,  as  shown  in  Fig.  45.    The 


Pig.  46 

advantage  of  separating  the  bus-bars  in  this  manner  is  that  it 
prevents  the  spreading  of  trouble  due  to  a  breakdown  to  ground 

and  so  confines  the  accompanying 
arc  that  it  cannot  reach  the  other 
bars.  This  form  of  cellular  and 
barrier  construction  is  not  gen- 
erally considered  necessary  on  sys- 
tems of  voltages  higher  than  33,000, 
because  at  such  potentials  the  cur- 
rent is  limited  and  the  arcs  are  not 
so  destructive. 

73.  Disconnecting  swltclies. 

Fig.  22,  are  usually  provided  for 
opening  the  circuits  between  each 
oil  switch  and  the  busses,  so  that 
any  oil  switch  can  be  isolated  for 
cleaning  and  repair.  In  some  cases, 
^'°-  ^®  provision  must  be  made  for  discon- 

necting the  oil  switch  from  the  feeders  as  well  as  from  the 


Digiti 


ized  by  Google 


.§53  SWITCHGEAR  47 

busses,  as  shown  in  Fig.  46. 
In  high-tension  systems  the 
disconnecting  switches  are 
mounted  on  the  outside 
of  the  walls  enclosing  the 
busses,  and  arc  deflectors, 
or  barriers,  are  often  placed 
between  adjacent  switches. 

74.  Control-Board 
Panels. — Switchboards  for 
electric-control  systems  are 
usually  equipped  with  the 
control  switches  for  opera- 
ting the  main  switches; 
with  signal  lamps  for  show- 
ing whether  the  switch  is 
open  or  closed  and  whether 
the  operation  of  the  mecha- 
nism is  complete;  and  with 
indicating  and  measuring 
instruments  for  the  circuits. 

A  wall-type  control-board 
panel  for  a  4,000-volt  sys- 
tem is  shown  in  Fig.  47. 

A  form  of  control  board 
especially  suitable  for  large 
stations  is  the  bench  hoard, 
or  desk  board,  shown  in 
Fig.  48.  By  this  form  of 
construction  the  control 
switches  are  placed  where 
they  can  be  easily  reached 
but  cannot  be  knocked 
against  by  persons  passing 
them,  and  the  switches  are  so 
placed  that  all  of  them  can 
Pig.  47  be  reached  conveniently. 
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NUMBER  AND  CAPACITIES  OF  UNITS 

1.  Location  and  Capacity  of  Station. — ^The  location  of 
the  station  is  primarily  one  of  the  problems  of  distribution, 
but  it  is  not  always  possible,  or  even  desirable,  to  secure  a 
station  site  near  the  load  center,  and  it  is  sometimes  necessary 
to  adapt  the  distribution  system,  in  some  degree  at  least,  to  the 
location  of  the  generating  station. 

The  total  capacity  of  the  apparatus  installed  in  the  electric 
central  station  is  determined  after  a  careful  study  of  the  load, 
both  existing  and  prospective,  after  which  provision  is  made 
for  the  installation  of  machinery  of  sufficient  capacity  to  meet 
the  present  load  requirements  with  allowances  for  reasonable 
growth. 

2.  Number  of  Station  Units. — ^The  number  of  units 
advisable  depends  on  the  total  capacity  required,  on  the  nature 
of  the  load,  and  on  the  relative  importance  of  low  first  cost  and 
low  operating  cost. 

It  is  generally  considered  poor  practice  to  install  a  plant  of 
one  generating  unit.  In  some  cases,  considerations  of  expense 
have  made  this  necessary;  but,  ordinarily,  such  an  installation 
is  undesirable,  for  the  reason  that  any  serious  disability  of  one 
unit  shuts  down  the  entire  plant.  If  two  units  are  installed, 
each  with  a  capacity  of  one-half  the  maximtim  load,  the  dis- 
ability of  one  machine  reduces  the  total  capacity  by  only 
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one-half;  by  safe  overloading  during  short  peaks  (high  loads) 
from  66  to  76  per  cent,  of  the  load  may  be  carried  by  one 
unit.  If  three  units  are  installed,  each  having  a  capacity  equal 
to  one-third  of  the  load,  the  disability  of  only  one  may  permit 
nearly,  or,  in  some  cases,  all  of  the  load  to  be  carried  through 
a  short  peak. 

3.  Economy  of  operation  also  requires  a  careful  consider- 
ation of  the  probable  daily  load.  Generating  tmits,  especially 
those  driven  by  steam,  are  much  more  efficient  when  running 
at  approximately  full  load  than  when  lightly  loaded;  therefore, 
an  attempt  is  generally  made  to  install  machines  of  such 
capacity  that  it  will  not  be  necessary  to  operate  any  of  them 
very  lightly  loaded  for  any  considerable  time.  On  the  other 
hand,  small  tmits  are  generally  less  efficient  than  large  ones,  so 
that  it  is  not  desirable  to  subdivide  the  capacity  too  far. 

4.  The  foregoing  considerations  indicate  the  advisability 
of  installing  at  least  three  machines.  The  importance  of  the 
service,  however,  may  be  such  as  not  to  warrant  the  increased 
expense  of  installing  so' many  units,  for  one  large  generator 
is  nearly  always  less  expensive  than  two  or  three  smaller  ones 
aggregating  the  same  capacity.  The  importance  of  security 
of  service  and  the  possible  increase  or  decrease  in  operating 
economy,  when  using  several  machines,  must  be  compared 
with  the  possible  decrease  or  increase  in  economy  and  reduction 
of  investment  When  using  a  lesser  number  of  generators. 

5.  Similarity  of  Units. — It  is  desirable  to  have  the  units 
similar  in  size,  design,  and  construction,  in  order  to  reduce  the 
number  and  cost  of  spare  and  emergency  parts  that  should  be 
kept  on  hand.  Interchangeability  of  parts  is  an  important 
item  in  the  design  of  a  mechanical  plant  of  almost  any  kind. 

If  the  generating  units  to  be  used  in  any  one  kind  of  service 
are  not  alike  in  manufacttire,  it  is  important  that  they  be 
sufficiently  similar  in  electric  characteristics  as  to  give  the  same 
voltage  regulation,  and,  if  they  will  be  required  to  operate  in 
parallel,  they  must  be  sufficiently  alike  to  peraiit  parallel 
operation.  Alternating-current  generators  must  not  only  have 
correct  speeds  to  permit  parallel  operation,  but  must  also  have 
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similar  speed-regulating  characteristics.  If  the  alternators  are 
to  be  belt  driven,  the  necessary  speed  regulation  can  be  secured 
by  proper  selection  of  pulleys.  If  the  prime  movers  of  alter- 
nators do  not  have  similar  speed-regulation  characteristics,  the 
generators  will  not  operate  in  parallel,  although,  in  some  favor- 
able cases,  they  can  be  connected  together  for  brief  periods  for 
a  transfer  of  load.  

CONDUCTORS  AND  CURRENT  DENSITIES 

6.  The  electric  conductors  in  a  station  must  be  of  sujBScient 
current-carrying  capacity  to  prevent  overheating.  In  the  dis- 
tribution system,  the  size  of  a  conductor  is  generally  determined 
by  the  allowable  potential  drop;  inside  the  station,  where  dis- 
tances are  short,  this  consideration  enters  in  a  much  less  degree, 
for  there  the  more  important  feature  is  the  temperature  rise  of 
the  conductors  and  its  possible  effect  in  detempering  the  spring 
parts  of  switches,  overheating  contacts  at  the  joints,  and  causing 
expansion  that  may  set  up  mechanical  stresses  in  rigidly  con- 
nected pieces. 

Alumintim  has,  in  some  isolated  cases,  been  used  for  electric 
conductors  in  stations,  especially  for  the  larger  parts,  such  as 
busses,  machine  leads,  etc.,  but  its  excessive  expansion  when 
heated  and  the  difficulty  of  making  good  electric  contacts  on  it 
have  been  factors  in  preventing  its  coming  into  common  use 
for  this  purpose.  Copper,  on  account  of  its  high  conductivity, 
and  the  ease  with  which  it  may  be  surfaced  and  soldered,  is  the 
metal  most  generally  used  in  general  electric  construction. 

7.  For  heavy  bus-work,  flat  bars  are  in  most  general  use; 
for  small  alternating  currents,  small,  flat  bars,  or  round,  solid 
bars  are  suitable.  If  heavy  alternating  currents  are  to  be  carried, 
the  skin  effect  may  be  so  great  as  to  make  the  use  of  tubular 
conductors  preferable. 

For  machine  pleads  and  other  similar  work,  stranded  cable 
with  a  suitable  insulating  and  protecting  covering  has  been  a 
favorite  form  of  material.  The  reason  is  that  it  can  be  bought 
in  one  piece  in  any  length  that  is  likely  to  be  needed  in  a  station, 
and  that  it  is  already  insulated  and  requires  no  elaborate  form 
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of  support  in  installation,  as  it  can  be  laid  in  a  cable  trench  or 
supported  on  brackets  along  a  wall.  Though  more  expensive 
to  purchase  than  flat  bar  copper,  cable  is  cheaper  to  install, 
and  for  low-tension  work — that  is,  600  volts  and  lower— the 
cost  of  the  two,  when  installed,  is  about  equal.  Modem 
practice,  in  large  installations  of  low-tension  conductors,  is 
tending  toward  the  use  of  bare  bar  copper  supported  between 
suitable  insulating  materials  with  proper  provision  for  avoiding 
short  circuits. 

8.  In  station  construction  providing  good  facilities  for 
keeping  conductors  cool,  a  current  density  of  1,000  amperes 
per  square  inch  of  cross-section  is  allowable  for  copper  conduc- 
tors. Such  a  density  will  not  cause  serious  overheating  unless 
the  conductors  are  unfavorably  situated  with  reference  to  other 
apparatus  liberating  heat.  In  special  cases,  the  current  density 
is  allowed  to  go  as  high  as  1,250  or  1,400  amperes  per  square 
inch  of  cross-section  without  serious  result. 


DIRECT-CURRENT  GENERATING  STATIONS 


RAILWAY  STATIONS 


OENBRATOR    CONNBCTIONS 

9.  Circuit  Diagram. — Generators  for  supplying  current 
for  railway  service  are  nearly  always  compound  wound  and  are 
connected  with  one  terminal — tisually  the  negative — grounded 
through  the  track  system  of  the  railway.  The  electric  connec- 
tions for  two  railway  generators  with  series-field  windings  and 
equalizing  connections  on  the  negative  side  of  the  machines 
are  shown  in  Fig.  1,  in  which  a  is  a  generator  armature;  6,  a 
shunt-field  winding;  c,  a  series-field  winding;  d,  a  series-field 
shunt;  e,  the  equalizer  bus; /,  the  equalizer  switch;  g,  a  positive 
main-generator  switch;  gu  sl  negative  main-generator,  or  arma- 
ture switch;  k,  a  shimt-field  rheostat;  i  and  ;,  the  series  and 
shunt  coils,  respectively,  of  a  watt-hour  meter;  A,  an  ammeter; 
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/,  a  circuit-breaker;  m,  the  station  voltmeter;  n  and  o,  voltmeter 
plug  receptacles;  p,  the  pressure  bus,  or  common  coimection 
for  the  station  voltmeter;  g,  an  ammeter  shunt. 

Electrically,  there  is  little  difference  whether  the  generators 
are  compounded  and  equalized  on  the  positive  side  or  on  the 
negative,  as  operation  and  performance  are  the  same  in  either 
case.    However,  when  equalizer  switches  are  on  the  machine 


:y 


ft 
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Fig.  1 


frame,  or  on  a  pedestal  near  by,  the  equalizing  and  compounding 
are  preferably  done  on  the  negative,  or  groimded,  side,  as 
station  attendants  are  then  in  less  danger  from  personal  con- 
tact with  the  live  parts  of  the  switches. 

10.    Generator  Panel. — ^The  front  of  a  typical  direct- 
current,  railway,  generator  panel  is  shown  in  Fig.  2,  which  is 
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lettered  to  correspond  to  Fig.  1  wherever  the  same  devices 
appear  in  both  illustrations.  The  hand  wheel  hu  Fig.  2,  oper- 
ates the  contact-arm  of  the  rheostat  fc,  Fig.  1.  The  double- 
throw,  single-pole,  switch  s,  Fig.  2,  controls  the  station  lamps;  its 
connections  are  not  shown  in  Fig.  1,  because  the  lamps  are  not 
an  essential  part  of  the  railway  circuits.  A  glass  case  t^  Fig.  2, 
protects  the  watt-hour  meter.  The  type  of 
panel  shown  in  Fig.  2  has  no  negative  main 
switch,  as  the  usual  practice  is  to  mount  this 
switch  on  the  machine  frame.  A  field  switch 
is  shown  at  u. 


11.  Equalizing  Conneotlons . — ^The  func- 
tion of  the  equalizing  coimection  is  to  distribute 
the  current  output  of  the  generators  among  the 
series-field  windings  in  such  a  manner  that  the 
generators  may  all  compound  alike;  therefore, 
the  equalizer  connection  must  always  be  made 
to  the  generator  between  the  series-field  winding 
and  the  collecting  ring,  or  bus-ring,  that  is  con- 
nected to  the  brush-holder  studs.  The  equalizer 
connection  mtist  be  of  large  cross-section  and  as 
short  as  possible,  so  that  its  resistance  will  be 
low.  Resistance  in  equalizer  connections  tends 
toward  the  prevention  of  proper  distribution  of 
current  among  the  series-field  windings,  in  which 
case  unequal  compounding  and  unsatisfactory 
division  of  load  among  generators  will  prob- 
ably result.  Equalizing  switches  are,  therefore, 
generally  situated  near  the  machines,  either  on 
small  panels  mounted  on  the  side  of  the 
machine  frames  or  on  pedestals  set  close  beside 
the   machines.    The   equalizer   bus,  which  is 

usually  at  practically  ground  potential,  is  run  by  the  shortest 

path  from  one  generator  to  another. 

12.    Adjustment  for  Proper  Division  of  Load. — In 

order   that   two   compound-wound   generators   operating   in 
parallel  may  properly  divide  the  load  between  them,   the 
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potential  drops  in  the  series-field  circuits  between  the  equalizer 
connection  and  the  bus-bar  must  be  equal.  If  the  resistance 
in  the  series-field  circuit  of  one  machine  is  too  large,  the  series- 
field  winding  of  that  machine  will  receive  less  than  the  proper 
current.  As  a  result,  the  compounding  of  that  machine  will  be 
less  than  it  should  be;  if  the  resistance  is  too  low,  the  com- 
pounding will  be  too  large. 

Neither  an  adjustment  of  the  series-field  shunt  nor  a  reduction 
of  the  resistance  in  the  equalizing  bus  is  effective  in  properly 
distributing  the  output  current  between  the  series-field  windings 
when  the  relative  resistances  of  the  parallel  paths  between 
equalizer  and  main  bus  are  not  correct.  The  adjustment  of 
resistance  of  these  parallel  paths  is  made  either  by  increasing 
resistance  of  one  of  the  leads  or  by  Anmiture 
decreasing  that  of  the  other.  The  c^T^ 
increase  of  resistance  is  effected  by 
inserting  in  the  lead  (in  series)  a  short 
length  of  conductor  of  relatively 
smaller  cross-section,  care  being  taken 
not  to  reduce  the  size  of  the  con- 
ductor to  such  an  extent  that  danger- 
ous heating  would  occur;  sometimes    LQ,0Q.QQQQ00.0Q.QQ,Q-QQJ 


Rheostat 

3 


the  insertion  of  a  German  silver  or  an        '^'^''*  >^/5p/<//r«^/>7y 
iron  washer  under  a  clamping  nut  at  ^'^*  ^ 

a  joint  is  sufficient.    Decreasing  the  resistance  is  done  by  insert- 
ing additional  copper  in  parallel  with  the  lead  already  installed. 

13.  Slmnt-Fleld  Connections. — ^As  shown  in  Fig.  1,  the 
wiring  of  the  generator  is  such  that  the  shunt-field  circuit 
cannot  be  opened  by  the  use  of  any  of  the  switchgear.  This 
is  a  common  and  desirable  form  of  connection  for  it  makes 
impossible  a  destructive  short  circuit  through  the  armature 
that  would  result  if,  by  any  mistake,  an  operator  should  open 
the  shtmt-fidd  circuit  of  the  generator  while  it  is  operating 
in  parallel  with  other  sources  of  direct  current. 

Some  engineers,  however,  consider  provision  for  opening  the 
shunt-field  circuit  desirable.  Then  a  special  form  of  field 
switch  and  a  field-discharge  resistance  are  connected  as  shown 
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in  Fig.  3.  The  field  switch  consists  essentially  of  a  main  blade  a 
and  an  auxiliary  blade  b  rigidly  held  at  an  angle  to  each  other 
and  turning  together  on  the  same  hinge.  Jtist  before  the  main 
blade  leaves  its  clip,  the  auxiliary  blade  makes  a  contact  that 
short-circuits  the  shimt  field  through  the  discharge  resistance  c. 
The  purf)ose  of  the  field-discharge  resistance  is  to  afford  a  path 
through  which  the  stored  energy  in  the  field  may  be  discharged. 
The  high  electromotive  force  that  would  otherwise  be  generated 
by  self-induction  when  the  field  circuit  is  opened  may  thus  be 
avoided.     In  Fig.  2  the  field  switch  is  shown  at  u. 


INflrrBUHENT   BQUIPMBNT 

14.  The  instrument  equipment  of  the  usual  railway-genera- 
ting station  con3ists  of  a  station  voltmeter,  an  ammeter  for 
each  generator,  and,  generally,  when  there  is  more  than  one 
generator,  a  totalizing  ammeter  connected  in  the  bus-bar 
between  the  generator  panels  and  the  feeder  panels  to  show  the 
total  current  output  of  the  station. 

15.  Ammeters  are  of  the  shtmt  type  and  in  some  cases  all 
or  a  part  of  the  copper  run  between  the  machine  terminals 
and  the  switchboard  is  used  for  the  ammeter  shunt,  but  it  is 
more  general  practice  to  use  the  regular  form  of  alloy  shunt 
installed  on  the  back  of  the  switchboard  between  the  knife- 
blade  switch  and  the  circuit-breaker. 

16.  Individual  integrating  wattmeters,  or  watt-liour 
meters,  for  each  machine  are  sometimes  installed  on  the 
generator  panels  and  coimected  in  the  positive  lead  of  the 
generator  between  the  machine  terminal  and  the  knife-blade 
switch.  Although  somewhat  more  subject  to  accidental  damage 
than  if  it  were  higher,  the  watt-hoiu*  meter  is  preferably  placed 
near  the  bottom  of  the  panel  because  it  is  there  favorably 
situated  with  reference  to  electric  contacts,  vibration,  or 
presence  of  stray  magnetic  fields.  When  the  generator  is  shut 
down,  both  the  series  and  shtmt  circuits  of  the  wattmeter  are 
either  dead  or  at  earth  potential.  The  positive  end  of  the 
potential  circuit  of  the  wattmeter  is  connected  to  the  positive 
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lead  of  the  generator  at  the  armature  switch.  The  negative 
terminal  of  the  potential  circuit  may  go  directly  to  the  negative 
pressure  bus  of  small  size  (No.  12  B.  &  S.  wire)  in  the  rear  of 
a  switchboard,  or  it  may  be  run  back  to  the  generator  and  con- 
nected to  the  negative  lead  of  the  machine,  as  shown  in  Fig.  1. 

17.  The  station  yoltmeter  is  wired  so  that  it  may  be 
connected  to  the  main  busses,  or  to  the  leads  of  any  generator. 
The  change  of  connection  is  made  by  means  of  a  plug  that  fits 
into  a  receptacle,  one  of  the  contacts  of  which  connects  to  the 
voltmeter  and  the  other  to  the  leads  of  the  generator,  as  n, 
Fig.  1,  or  to  the  main  bus,  as  at  o.  There  is  a  separate  recep- 
tacle on  each  generator  panel,  and,  in  order  to  observe  the 
voltage  of  the  generator,  the  plug  is  inserted  in  the  receptacle 
on  the  panel  of  that  particular  machine.  The  positive  volt- 
meter connection  to  the  generator  leads  is  made  on  the  machine 
side  of  the  knife-blade  switch,  because  then  the  generator 
voltage  can  be  observed  before  the  switch  is  closed.  The  sta- 
tion voltmeter  is  usually  supported  on  a  bracket  that  can  be 
swimg  out  from  the  switchboard  to  such  a  position  that  the 
instrument  can  be  observed  from  any  panel;  it  therefore  does 
not  show  on  the  panel,  Fig.  2. 


swrrcEOos  and  cibcuit-bbeakebs 

18«  The  main  positive  armature  swltcli  g,  Figs.  1 
and  2,  is  so  situated  that  its  handle  will  be  about  as  high  as  the 
waist  or  chest  of  a  man  of  ordinary  size,  a  position  in  which  it 
can  be  most  easily  and  conveniently  operated. 

19*  The  circuit-breaker  /,  Figs.  1  and  2,  is  situated  at 
the  extreme  top  of  the  generator  switchboard  panel.  The 
space  for  a  distance  of  about  4  feet  above  the  circuit-breaker 
is  kept  dear  of  any  grounded  metal  work,  switchboard  instru- 
ments, switchboard  framework,  or  anything  else  that  might 
be  injured  by  the  arcs.  In  order  to  protect  the  switchboard 
panel  from  the  destructive  effect  of  arcs,  the  circuit-breakers, 
especially  in  the  larger  sizes,  have  a  fireproof  shield  of  thin 
fibroid  on  each  side,  also,  in  the  rear  of  the  contacts  and  between 
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them  and  the  switchboard  panel  and  also  projecting  above  the 
panel  in  such  position  as  to  prevent  the  arc  from  btiming  the 
switchboard  or  communicating  to  the  supporting  steel  frame- 
work. The  circuit-breaker  is  operated  on  the  occurrence  of 
overload  or  low  voltage,  by  means  of  tripping  devices.  As  the 
pressure  of  the  circuit  is  much  higher  than  the  60  to  100  volts 
ordinarily  required  for  energizing  the  low-voltage  release  coil, 
it  is  necessary  to  secure  the  lower  voltage  drop  through  the 
solenoid  by  inserting  an  external  resistance,  not  shown  in  Fig.  1. 
This  is  moimted  in  the  rear  of  the  switchboard  panel  near  the 
circuit-breaker.  The  supply  for  the  low-voltage  release  coil 
is  taken  from  between  the  knife-blade  switch  and  the  circuit- 
breaker,  so  that  when  switch  g,  Fig.  1,  is  open,  it  is  necessary  to 
dose  the  circuit-breaker,  in  order  to  obtain  current  for  the 
release  coil. 

In  some  cases,  an  alarm  bell  is  provided  to  ring  when  the 
circuit-breaker  is  open.  The  alarm-bell  circuit  is  closed  by  a 
plunger  that  is  thrown  out  when  the  circuit-breaker  opens. 
In  order  that  the  bell  may  not  ring  when  the  breaker  is  inten- 
tionally left  open,  a  small  switch  is  placed  in  the  alarm  circuit. 


FEEDER    CONNECTIONS 

20.    Direct-Current,    Railway,    Feeder    Panel. — ^The 

switchboard  of  a  direct-current,  railway  station  has  two  main 
divisions,  generator  panels  and  feeder  panels.  The  latter  bear 
the  switchgear  necessary  for  the  feeders  that  carry  current  from 
the  positive  bus — which  extends  the  entire  length  of  the  switch- 
board and  which  receives  current  from  the  generators,  as  shown 
in  Pig.  1 — ^to  various  sections  of  the  railway  line. 

The  connections  of  a  typical  railway  feeder  panel  are  shown  in 
Fig.  4.  The  feeder  connection  to  the  bus  is  made  through  a 
short  length  of  copper  that  connects  to  the  upper  terminal  of 
the  feeder  circuit-breaker  a  situated  near  the  top  of  the  panel. 

The  knife-blade  switch  b  is  situated  on  about  the  same  level 
as  the  knife-blade  switches  on  the  generator  panels.  The 
switch  may  either  be  arranged  with  a  quick-break  connection 
or  without  it.    The  most  recent  practice  has  been  to  omit 
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the  quick-break  feature;  the  feeder  circuit  can  be  quickly 
opened  by  tripping  the  low-voltage  release  on  the  circuit- 
breaker.  The  knife-blade  switch  then  becomes  merely  a  dis- 
connective device  and  is  not  much  used  for  interrupting  the 
current. 

The  ammeter  shtmt  c  is  connected  in  the  lead  between  the 
circuit-breaker  and  the  knife-blade  switch,  as  is  also  the  choke 
coil  d.  The  lightning  arrester  e  is  connected  on  the  feeder  side 
of  the  knife-blade  switch,  and,  in  some  installations,  is  mounted 
on  the  rear  of  the  panel  near  the  floor; 
in  other  installations,  the  arresters  are 
isolated  from  the  switchboard. 

The  voltmeter  plug  receptacle  /  is 
connected  between  the  pressure  bus 
and  the  feeder  side  of  the  knife-blade 
"switch  to  allow  of  the  trolley  voltage 
being  read  before  closing  the  switch  in 
cases  where  feeders  are  interconnected 
or  continued  to  other  sources  of  power. 

21«  Auxiliary  Bus. — Circuit- 
breakers  on  railway  feeders  are  re- 
quired to  open  under  heavy  overloads 
and  short  circuits  and  are  subject  to 
severe  service.  This  results  in  an 
occasional  burning  of  the  contact  parts 
and  the  necessity  of  making  minor 
repairs  at  more  or  less  frequent  inter- 
vals. In  order  to  provide  for  taking 
circuit-breakers  and  ammeters  out  of  service  for  such  repair  work 
without  interrupting  the  output  on  its  feeder,  the  knife-blade 
switches  are  sometimes  made  double  throw,  their  lower  clip 
being  connected  to  an  auxiliary  bus  that  is  joined  to  the  main 
distributing  bus  through  a  circuit-breaker  and  a  knife-blade 
switch.  This  connection  also  has  an  ammeter,  and  the  auxiliary 
bus  connection  can  be  used  by  simply  closing  its  circuit-breaker 
and  knife-blade  switch  and  throwing  the  knife-blade  switch  of 
the  feeder  down  to  the  auxiliary  switch  dip. 


To  feeder        Grountf 
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22*  Booster  Feeders. — Sometimes  the  very  long  feeders 
have  low  voltages  at  the  ends  distant  from  the  station,  although 
the  pressure  on  the  remainder  of  the  system  may  be  fairly 
good.  Too  high  bus-pressure  is  objectionable,  because  motors 
near  the  station  may  then  be  biuned  out  or  otherwise  damaged. 
In  such  cases,  boosters  are  sometimes  connected  in  series  with 
the  long  feeders  that  require  a  voltage  somewhat  higher  than 
that  of  the  main  bus.  The  booster,  itself,  is  an  auxiliary 
motor-driven  generator  and  the  voltage  it  generates  is  added 
to  the  voltage  of  the  main  generators. 

The  booster  generator  may  be  either  shunt  or  compotmd 
wound,  but  is  more  generally  compounded  to  provide  for  the 
extra  length  of  the  feeder,  the  machine  generators  being  com- 
poimded  only  for  a  moderate  length  of  feeder,  and  the  booster 
generator  for  the  additional  length. 

23«  Leading  Out  Feeder  Cables. — ^The  method  of  lead- 
ing out  the  feeder  cables  is  generally  dependent  on  the  type 
of  line  construction  used.  If  the  distribution  system  is  placed 
underground,  the  cables  are  led  out  of  the  station  building 
through  conduits  or  ducts  leading  in  through  the  basement 
wall.  There  is  a  possibility  of  a  breakdown  of  the  insulation 
between  the  conductor  and  the  grounded  lead  cable  sheath  of 
undergrotmd  distributing  cables  with  resulting  arcs.  For  this 
reason,  it  is  undesirable  to  group  closely  together  a  large  number 
of  cables  without  some  fire-resisting  cover  around  them  for 
protection  against  the  destructive  effects  of  such  arcs.  Instal- 
lations of  underground  cable,  therefore,  should  be  covered  with 
conduit  or  cement  up  to  the  point  where  they  are  separated 
sufficiently  to  remove  the  danger  of  injury  from  an  arc  or 
biun  on  an  adjacent  cable.  When  they  are  installed  on 
cable  racks  in  such  fashion  that  the  cables  are  separated  by 
about  6  or  8  inches,  there  is  little  danger  from  this  source; 
but  in  order  to  lessen  the  danger,  the  lead  cable  sheath  is 
generally  discontinued  at  the  point  where  the  cables  enter  the 
cable  rack. 
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ABRANOEHENT   OF    SWITCHBOARD    PANBES 

24.  If  one  ammeter  (totalizing  ammeter)  is  to  show  the 
total  output  of  the  station,  all  the  generator  switchboard  panels 
are  placed  at  one  end  of  the  board  and  the  feeder  panels  at 


-^Wwirr  fimnefa 


Fig.  5 


the  other,  as  indicated  in  Fig.  6.  The  shtmt  for  the  totalizing 
ammeter  is  then  installed  at  a,  so  that  the  instrument  indicates 
all  the  current  output  of  the  station.  In  many  cases,  where  it 
is  desirable  to  le^  feeder  cables  out  of  the  station  by  two 
routes  and,  at  the  same  time,  have  a  systematic  arrangement  of 
switchboard  panels  and  outgoing  feeders,  generator  panels  are 
installed  in  the  central  portion  of  the  switchboard  and  feeder 
panels  on  each  side  of  them  as  indicated  in  Fig.  6.  By  this 
arrangement,  the  operator  is  obliged  to  observe  two  ammeters 


Oufffo^  reeeKfra 


Outpoing^  rmetf^rs 


Fig.  6 


in  order  to  determine  the  total  output  of  the  station,  but  this  is 
not  usually  an  inconvenience  serious  enough  to  interfere  with 
the  most  consistent  and  suitable  layout  of  feeder  panels. 
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DrUECT-CUIlRENT,    LIGHT   AND   POWER   STATIONS 


CLASSIFICATION 

25.  Generating  stations  for  distributing  direct  current  for 
light  and  power  are  of  two  general  kinds:  Those  using  shunt- 
wound  generators  and  those  using  compound-wound  generators. 
Compound-wound  generators  will  not  operate  satisfactorily 
in  parallel  with  storage  batteries,  and  therefore  shunt-wound 
generators  are  used  in  stations  employing  batteries  either 
for  assisting  in  pressure  regulation  or  for  emergency  or  peak- 
load  service.  If  no  storage  batteries  are  used,  compound-* 
woimd  generators,  on  account  of  their  superior  voltage 
r^ulation,  are  generally  employed,  especially  if  the  load  is 
fluctuating.  Shunt-woimd  machines  require  much  more  fre- 
quent attendance  with  fluctuating  loads  than  do  those  that 
are  compotmd  woimd.         

SMALL,    TWO-WntB    PLANTO 

26.  G^enerator  Connections. — Small,  direct-current, 
light  and  power  stations  are  not  usually  provided  with  storage 
batteries  and  therefore  generally  have  compound-wound 
generators.  The  amoimt  of  compounding  is  adjusted  to 
regulate  the  voltage  for  some  representative  point  in  the  dis- 
tributing system,  so  that  the  best  average  result  in  pressure 
throughout  the  system  will  be  obtained. 

Fig.  7  shows  a  wiring  diagram  of  two  compound-woimd 
generators  connected  to  a  two-wire,  direct-current  system.  In 
this  installation,  neither  of  the  machine  terminals  are  groimded 
and  both  of  the  machine  leads  are  brought  to  the  switchboard 
and  led  through  knife-blade  switches  a  and  circuit-breakers  b 
to  the  busses.  With  reference  to  the  kind  of  protective  device 
preferable  for  such  installations,  engineers  are  at  variance; 
some  favor  fuses  on  accotmt  of  their  lesser  expense,  while  others 
prefer  circuit-breakers  because  of  their  more  reliable  operation; 
each  form  is  in  quite  general  use.  One  circuit-breaker  for  each 
machine  is  the  usual  practice  for  the  protection  of  generators 
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on  two-wire  systems;  when  fuses  are  used,  one  is  generally 
installed  in  each  generator  lead — two  for  each  machine. 

27.  The  wiring  diagram  shows  an  equalizer  connection  c 
that  is  necessary  when  two  or  more  compoimd-woimd  machines 
are  installed,  but  tmnecessary  if  there  is  only  one  unit.  When 
two  generators  are  to  operate  in  parallel,  one  equalizer  switch  d 
is  necessary;  with  more  than  two  generators  in  parallel  one 
equalizer  switch  is  installed  for  each  machine.  In  this  diagram, 
the  compounding  and  equalizer  connections  are  shown  on  the 


Fig.  7 

negative  side  of  the  generator;  they  can  be  on  either  side,  if 
the  system  is  tmgroimded,  but  the  connections  should  not  be 
on  the  same  side  as  the  circuit-breaker. 

Both  polarities  of  the  machine  have  their  armature  switches  a 
on  the  switchboard,  so  that  the  generators  can  be  entirely 
separated  from  the  conductors  of  the  distributing  system. 

The  installation  shown  in  the  wiring  diagram  has  a  short 
shunt;  that  is,  the  shunt  field  e  is  connected  on  the  armature 
side  of  the  series-field  winding,  which  gives  fewer  joints  at 
which  the  shunt-field  circuit  could  be  accidentally  opened.     So 
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far  as  the  performance  of  the  machine  is  concerned,  it  is  imma- 
terial whether  a  long  or  short  shtmt  is  used.  Each  shtmt-field 
circuit  contains  the  usual  rheostat  /,  and  each  series  field  g  is 
usually  provided  with  an  adjtistable  shtmt  h. 

28.  Instrument  Equipment. — The  instruments  for  a 
small  direct-current  station  usually  include  an  anMneter  t, 
Fig.  7,  for  each  unit  and  one  station  voltmeter  /  with  a  multiple- 
point  voltmeter  switch  (plug  and  receptacles  k)  by  which  the 
instrument  connection  can  be  switched  to  the  busses,  or  either 
set  of  machine  leads.  In  some  cases,  pressure  wires  are  run 
back  from  the  feeder  ends  at  the  distributing  centers  and 
terminate  at  the  multiple-point  voltmeter  switch,  so  that  it  is 
possible  for  the  operator  to  observe  the  pressure  at  important 
feeding  centers.  This,  however,  is  rather  tmcommon  in  the 
smaller  stations  and  is  done  only  when  pressure  regulation  is 
of  extreme  importance.  In  some  installations,  a  totalizing 
wattmeter  is  installed  between  the  generator  panels  and  feeder 
panels,  and  sometimes  individual  watthour  meters  are  installed 
on  the  leads  of  each  generator  unit. 


SMALL,    THREE- WIRE    SYSTEMS 

29.  Three-Wire  System  With  Two  Compound  Gen- 
erators.— The  simplest  method  of  supplying  a  three-wire  sys- 
tem consists  in  the  use  of  two  generators,  each  supplying  from 
110  to  125  volts,  connected  in  series  between  the  two  outside 
conductors,  and  with  a  common  connection  to  the  neutral,  as 
shown  in  Fig.  8  (a),  in  which  the  various  parts  will  be  recognized 
from  a  knowledge  of  preceding  diagrams.  The  connections 
shown  in  Fig.  8  (b)  differ  from  those  in  (a)  only  in  the  arrange- 
ment of  the  neutral  leads  and  switches.  This  is  the  oldest  form 
of  three-wire  system,  and  is  still  used  to  some  extent  where 
the  unbalanced  load  is  large. 

For  parallel  operation,  two  equalizer  busses  are  necessary; 
one  for  machines  connected  to  the  negative  main  bus,  and  the 
other  for  those  connected  to  the  positive  main  bus.  WitH  an 
ungroimded  system,  it  is  immaterial  on  which  side  the  machines 
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are  compounded  and  equalized.  However,  when  the  neutral 
of  the  three-wire  system  is  groimded,  as  is  frequently  done, 
equalizing  and  compounding  the  neutral  side  of  each  generator 
results  in  putting  the  equalizing  switch  at  practically  grotmd 
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Fig.  8 


potential,  and  thus  confines  to  the  switchboard  those  switches 
which  are  not  at  earth  potential. 

The  instrument  equipment  for  such  an  installation  does  not 
differ  from  that  of  the  two-wire  station,  except  that  a  voltmeter 
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is  required  on  each  side  of  the  system, 
tions  are  not  shown  in  Fig.  8. 


The  voltmeter  connec- 


30.  Derived  Neutral  With  Balancer  Set. — On  account 
of  the  expense  of  providing  two  generators  for  tise  on  three- 
wire  systems  where  one  of  twice  the  capacity  would  be  cheaper 
and  sufficient  for  carrying  the  load,  various  forms  of  derived 
neutrals  have  been  resorted  to. 

One  device  for  providing  for  unbalanced  loads,  and  one  that 
automatically  adjusts  itself  to  considerable  changes  of  load,  is 
an  equalizer,   or  balancer,   set,   consisting  of  two  small 
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dynamo  tmits  a  and  fc,  Fig.  9,  exactly  alike,  mounted  on  the 
same  shaft  or,  in  some  cases,  belted  to  each  other.  The  balancer 
units  may  be  either  shtmt  or  compound  woimd,  according  to 
whether  they  are  used  in  parallel  with  shunt-  or  compound- 
woimd  generators.  The  machine  a  connected  between  neutral 
and  positive  conductors  (referred  to  as  the  positive  machine) 
has  its  shunt  field  c  connected  between  the  neutral  and  negative 
conductors  of  the  system,  while  the  current  for  the  shunt 
field  d  of  the  negative  machine  b  is  taken  from  the  neutral  and 
positive  conductors.  The  result  is  that  when  the  voltage  of 
either  side  becomes  high,  the  armature  of  the  machine  connected 
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to  that  side  is  supplied  with  a  relatively  high  potential, 
but  its  field  winding,  being  supplied  from  the  low-pressure 
side  of  the  system,  is  made  weak,  a  condition  that  causes  the 
machine  to  speed  up  as  a  motor.  The  other  machine,  tmder 
the  reverse  condition,  has  no  tendency  to  speed  up,  but  is 
driven  as  a  generator  by  the  motorized  machine,  and  so  con- 
stitutes an  addition  to  the  generating  capacity  on  the  lower 
voltage  side.  Thus  the  balancer  acts  as  a  medium  of  transfer 
of  generating  capacity  from  the  lightly  loaded  to  the  heavily 
loaded  side  of  the  three-wire  system. 

The  balancer  set  is  started  with  one  of  the  machines  operating 
as  a  direct-current  motor,  the  other  acting  as  a  generator  on 
open  circuit.  When  up  to  speed  and  voltage,  the  generator 
end  is  paralleled  to  one  side  of  the  system.  The  machine 
that  starts  as  a  motor  is  provided  with  a  suitable  starting 
box  e,  Fig.  9.  Field  rheostats  /  are  used  in  connection 
with  the  balancer  to  regulate  the  speed  and  to  provide  for 
tmbalancing  the  bus  pressure,  if  such  unbalancing  becomes 
necessary,  in  order  to  obtain  the  proper  pressure  dt  the 
feeding  centers. 

31.  If  the  main  generator  supplying  the  load  is  provided 
with  circuit-breakers,  the  balancer  set  should  also  be  supplied 
with  a  circuit-breaker  in  series  with  each  machine  and  made 
electrically  or  mechanically  interlocking  with  the  one  on  the 
main  generator  so  that  when  the  main  generator  circuit  is 
opened  the  balancer  circuit  also  will  be  opened.  This  results 
in  shutting  down  the  balancer  set,  but  is  necessary  because  the 
balancer  armatures  must  be  disconnected  before  the  bus  is 
again  energized;  otherwise,  the  balancer  will  be  severely 
damaged.  Instead  of  mechanically  or  electrically  interlocking 
circuit-breakers,  the  balancer  set  is  sometimes  provided  with 
those  having  low  voltage  release  coils,  so  that  the  opening  of 
the  circuit-breaker  on  one  generator,  while  other  generators 
remain  connected  to  the  bus,  will  not  disconnect  the  balancer 
set  unless  the  bus  is  killed,  or  deenergized.  The  ammeter  in 
the  neutral  must  have  a  two-way  scale,  with  the  zero  mark  in 
the  center. 
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32.    Derived   Neutral   With   Three- Wire   Generator. 

The  essential  features  of  one  scheme  of  wiring  for  a  three-wire 
generator  are  shown  in  Fig.  10.  The  generator  has  two  series- 
field  windings  a,  and  therefore  two  eqtializing  busses  are  neces- 
sary for  parallel  operation.  In  order  that  the  full  output  on 
either  side  of  the  machine  may  act  on  the  protective  devices,  the 
fuses  or  circuit-breakers  b  are  installed,  as  shown,  in  the  circuits 

between  the  brushes 
and  the  equalizer 
busses.  If  the  circuit- 
breakers  were  between 
the  series  fields  and 
the  main  bus-bars  and 
two  or  more  genera- 
tors were  operating  in 
parallel,  the  current 
tending  to  open  a 
breaker  might  be 
either  greater  or  less 
than  the  actual  output 
of  the  machine,  and 
the  protective  action 
would  be  tmreliable. 
Owing  to  the  current 
in  the  equalizer  con- 
nection, the  currents 
in  the  series  field  and 
the  armature  are  not 
always  the  same. 

^'^•'^  33.    By  the    ar- 

rangement shown  in  Fig.  10,  the  equalizers  are  at  the  pres- 
sure of  the  outside  main  busses  (except  for  the  drop  through 
the  series-field  windings),  and  the  pressure  of  the  machine  must 
be  fully  built  up  before  it  is  connected  in  parallel  with  a 
generator  already  running.  For  this  reason  the  switching 
equipment  is  such  that  the  series  fields  of  the  two  machines 
can  be  energized  before  the  armatures   are  connected,  the 
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sequence  of  switchixig  operations  being  as  follows:  Start  with 
all  switches  and  breakers  open;  throw  in  the  series  fields  by 
closing  the  two  double-pole  main  switches  c\  when  the  machine 
voltage  is  properly  adjusted,  close  the  circuit-breakers,  one  at  a 
time  (one  pole  at  a  time,  if  a  double-pole  breaker  is  used) ;  close 
the  neutral  switch  d. 


34.  The  compensator  winding  e,  Fig.  10, 
is  of  rather  small  capacity  and  is  intended  to 
carry  only  the  difference  between  the  currents 
on  the  two  outside  conductors,  which,  in  a 
well-balanced  system,  is  comparatively  small. 
In  order  that  the  opening  of  the  circuit-breaker 
on  one  ^ide  of  the  system  may  not  throw  the 
entire  load  of  the  other  side  of  the  machine 
onto  the  compensator,  the  positive  and  nega- 
tive circuit-breakers  of  each  machine  are 
mechanically  or  electrically  locked  together, 
so  that  the  opening  of  one  necessarily  opens 
the  other  also. 

With  a  three-wire  generator,  it  is  the  usual 
practice  to  use  two  ammeters  /,  Fig.  10,  and, 
like  the  circuit-breakers,  they  must  be  con- 
nected between  the  armature  and  equalizer,  in 
order  that,  when  two  or  more  generators  are 
operating  in  parallel,  they  may  measure  only 
the  acttial  current  output  from  each.  The 
station  voltmeter  g  is  connected  to  the  usual 
pressure  busses  and  can  be  made  to  indicate 
the  machine  voltage  by  inserting  the  plug  into 
the  receptacle  A. 


Pic  ] 


36»  If  a  three-wire  generator  is  provided  with  either  fuses 
or  circuit-breakers,  the  shtmt  field  i,  Fig.  10,  must  be  connected 
on  the  armature  side  of  them,  in  order  to  avoid  the  opening  of 
the  shunt-field  circuit  when  the  protective  devices  act.  If  the 
field  connections  were  such  that  the  protective  devices  were 
to  open  the  shtmt-field  circuit,  there  would  be  induced  in  the 
field  winding  a  very  high  electromotive  force,  which  might  be 
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sufficient  to  puncttire  the  insulation.    The  usual  shtint-field 
rheostat  /  is  provided. 

A  three-wire  generator  panel  for  a  small,  direct-current 
plant  is  shown  in  Fig.  11,  which  is  lettered  to  correspond  with 
Fig.  10,  except  that  in  Fig.  11,  the  letter  /  represents  the  shunt- 
field  rheostat  handle  instead  of  the  rheostat  itself. 


BUSSES    AND    FEEDERS    OF   SMALL,    DIBECT-CUBBENT   PLANTS 

36.  The  bus-bars  of  the  switchboard  of  small,  direct-current, 
^^^^^^^^^^^^^  lighting  and  power  plants  are  usually  mounted 
on  insulating  supports  carried  on  brackets  from 
the  switchboard  supporting  framework.  The 
connections  between  the  busses  and  switches  or 
circuit-breakers  are  flat  copper  bars  bent  to  suit- 
able shape  and  fastened  in  place  by  machine  bolts. 

The  feeder  switches  are  on  the  front  of  the 
board.  In  the  two-wire  system,  double-pole, 
single-throw,  feeder  switches  are  in  general  use. 
In  small  plants,  it  is  general  practice  to  install 
cartridge  fuses  on  the  front  of  the  board  imme- 
diately tmder  or  over  the  switches,  as  shown  in 
Fig.  12,  which  represents  a  six-circuit,  two-wire, 
feeder  panel. 

In  stations  connected  with  three-wire  systems, 
all  three  busses  are  generally  mounted  in  the  rear 
of  the  switchboard  panels.  However,  in  some 
systems  with  groimded  neutrals,  the  neutral  bus 
is  mounted  on  the  wall  near  the  point  where  the 
feeders  leave  the  building,  and  the  neutral  con- 
ductors of  the  feeders  start  from  this  point. 

On  tmgroimded  three-wire  systems,  it  is  the 
more  common  practice  to  install  the  positive, 
negative,  and  neutral  switches  and  fuses  on  the 
feeder  switchboard.  Sometimes,  the  neutral  con- 
Fic.  12  ductor  is  protected  by  a  fuse  as  heavy  as  that 
in  either  of  the  outside  conductors,  and,  some- 
times, with  a  fuse  of  only  one-half  the  size  of  the  positive  or 
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negative  fuses.  There  is  considerable  difference  in  opinion 
as  to  the  proper  size  of  neutral  f tises  and  both  forms  of  practice 
are  common. 

In  small  stations,  circuit-breakers  on  the  feeders  are  not  very 
common,  unless  the  kind  of  service  is  such  as  to  cause  frequent 
overloads.  The  practice  of  installing  ammeters  on  feeder 
circuits  does  not  generally  prevail  in  small  plants  of  the  type 
that  are  being  considered. 

MEDIUM-SIZB,    DIBBCT-CURRENTt    OOHTINO    AND   POWEB 

PLANTS 

37.  Generator  Ckmnectlons. — Medium-size,  direct-cur- 
rent, lighting  and  power  plants,  especially  if  feeding  a  territory  of 
moderate  extent,  are  generally  connected  to  three-wire  systems. 


/      */    y  ^/    '/    ^  '/    7    «^    /    7    ^ 

\     J  T^J   1  v^l   J  [a\j   /r^ 


^tfotfxinf  Oifs  ^ 


(     (     { 


CquiUizutg  Bu9 


Fig.  13 


Fig.  13  shows  the  connections  of  a  station  in  which  most  of 
the  energy  is  generated  by  220-  to  260-volt  machines  a  and  6 
connected  to  the  positive  and  negative  (outside)  conductors 
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of  the  system;  smaller  110-  to  125-volt  series-comiected 
generators  c  and  d  take  care  of  the  unbalance  in  load.  Such 
a  station,  generally,  has  two  sets  of  the  lower  voltage  units, 
one  operating  while  the  other  is  shut  down  for  maintenance 
or  repair  work;  all  the  other  units  are  220-  to  250-volt  gener- 
ators, on  account  of  the  smaller  cost  per  imit  of  power  for  the 
larger  machines. 

Circuit-breakers,  ammeter  shunts,  and  shunt-field  rheostats 
are  indicated  at  e,  /,  and  g,  respectively,  in  Fig.  13;  the  switch- 
board is  also  provided  with  the  usual  station  voltmeter  and 
plug  receptacles. 

38»  Busses  and  Feeders. — On  accoimt  of  the  larger  terri- 
tory covered  and  the  greater  length  of  feeders,  as  compared 
with  a  small  plant,  there  is  some  difficulty  in  keeping  a  good 
average  pressure  over  the  entire  system  of  a  medium-size  plant. 
Those  feeders  that  terminate  near  the  station  should  therefore 
either  be  supplied  with  a  lower  voltage  than  that  furnished  to 
distant  feeding  centers  or  should  have  smaller  cross-sectional 
areas  than  the  long  feeders  to  make  a  uniform  fall  of  potential 
throughout  the  system.  The  latter  alternative  is  uneconomical 
and,  besides,  introduce^  a  risk  of  seriously  overheating  some  of 
the  conductors.  If  short  feeders  carrying  large  currents  are 
installed,  care  should  be  taken  to  check  the  safe  current- 
carrying  capacity  of  the  feeder  with  the  full-load  current  that 
is  transmitted. 

The  more  general  and  preferable  practice  is  to  provide  two 
separate  sets  of  busses  supplied  by  generators  of  different  vol- 
tages. The  generators  and  feeders  are  provided  with  double- 
throw  switches  to  make  the  switching  selective  between  the 
two  different  busses,  which  are  kept  at  pressures  suited  to  the 
requirements.  In  some  cases,  the  entire  supply  is  delivered 
to  one  bus  from  which  another  bus  of  higher  potential  is  supplied 
through  a  series-booster  generator  that  increases  the  pressure 
by  a  desired  amount. 

The  instrument  equipment  of  feeder  pands  in  the  meditun- 
size  plants  is  usually  somewhat  more  complete  than  that  in  the 
smaller  stations  and  includes  an  ammeter  for  each  feeder. 
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LABOE,    DIBECT-CURRENT,    CENTRAL   STATIONS 

39.  Generator  Connections. — Direct-cturent,  central, 
generating  stations  in  large  cities  usually  have  storage  batteries 
in  parallel  with  the  generators.  In  such  stations,  shunt-wound 
generators  are  employed,  because  the  voltage  characteristics 
of  compound-wound  machines  render  them  tmsuitable  for 
operation  in  parallel  with  storage  batteries.  Some  large 
stations  use  compotmd-wound  generators  and  no  batteries,  and 
these  differ  from  the  medium-size  plants  chiefly  in  size  and 
not  materially  in  the  system  of  connections. 

Like  the  medium-size  plants,  large  direct-current  stations 
for  lighting  generally  supply  three-wire  distribution  systems. 
Most  of  the  modem  installations  have  three-wire  generators. 


Pig.  14 

Others  have  one  or  two  sets  of  110-  to  125- volt  generators, 
o  and  6,  Fig.  14,  for  supplying  the  imbalanced  load,  and  the 
remainder  of  the  generating  capacity  in  the  form  of  220-  to  250- 
volt  sets*  c  and  d,  ustially  direct  connected  (mechanically)  to 
their  prime  movers.  The  connections  of  shimt-woimd  genera- 
tors, Fig.  14,  are  simpler  than  those  of  compound-wound 
generators,  as  indicated  in  Fig.  13,  neither  series-field  winding 
nor  equalizer  connections  being  required  for  the  shunt-woimd 
machines. 

40.  Neither  circuit-breakers  nor  fuses  are  shown  in  Fig.  14. 
These  are  sometimes  installed,  though  they  are  not  common 
in  large  city  plants,  especially  if  several  large  stations  feed  into 
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one  common  network  distributing  system.  To  protect  the  small 
apparatus  with  circuit-breakers  and  fuses  and  to  leave  the  large 
and  more  costly  generators  entirely  without  automatic  protec- 
tion appears  inconsistent;  but  a  shtmt  generator,  on  account  of 
its  armature  characteristics,  requires  little  protection — if  a  short 
circuit  occurs,  the  voltage  drops  to  zero,  thus  providing  instant 
and  automatic  protection.  In  addition,  if  two  or  more  large 
stations  are  feeding  into  one  system,  the  operation  of  protec- 
tive devices  in  one  station  would  probably  lower  the  system 
pressure,  overload  the  other  station,  and  automatically  shut 
it  down.  If  this  should  occur,  considerable  difficulty  might  be 
experienced  in  getting  the  system  alive  again,  the  trouble 
increasing  with  the  number  of  stations  supplying  the  network. 
For  these  reasons  the  modem  tendency  is,  in  large  stations, 
to  install  no  protective  devices  on  the  shtmt  generators;  depend- 
ence is  placed  on  the  feature  of  automatic  protection  inherent 
in  these  machines. 

41»  Busses  and  Feeders. — In  large,  direct-ctirrent,  light- 
ing and  power  stations,  generators  and  feeders  are  nearly 
always  made  selective  in  switching  between  at  least  two  busses, 
in  order  to  provide  for  multiple  bus  operation  to  improve  the 
distribution;  three  or  more  busses  may  be  installed  in  some 
stations. 

In  some  large  systems  the  outgoing  feeders  are  not  fused  at 
the  switchboard,  on  accoimt  of  the  danger  that  might  result 
from  the  severe  blowing  of  fuses  and  the  possibility  of  starting 
an  arc  that  might  communicate  to  other  parts  of  the  switchboard 
and  do  serious  damage.  In  such  systems,  it  is  common  practice 
to  install  fuses  at  the  feeder  end  out  on  the  line  and  to  open  the 
feeder  switch  at  the  station  when  the  feeder  ammeter  shows 
indications  of  a  ground  or  short  circuit  outside.  Then  the 
current  sent  by  the  back  feed  from  the  network  distributing 
system  into  the  ground  or  short  circuit,  if  the  trouble  is 
between  the  station  and  the  distant  feeder  end,  mtist  neces- 
sarily pass  through  the  feeder-end  fuses.  If  the  current  is 
sufficient  to  blow  the  fuses,  the  faulty  cable  is  thereby  isolated 
from  the  network  system. 
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42»  Instruments. — In  a  large,  direct-current,  central 
station  there  is,  of  course,  an  ammeter  on  each  generator 
panel.  Also,  on  accotmt  of  the  more  exacting  requirements 
in  distribution — ^and,  therefore,  in  the  detection  of  imusual 
conditions,  especially  on  the  network  distributing  system — it 
is  a  general  practice  to  install  an  ammeter  on  both  the  positive 
and  negative  conductors  of  each  feeder.  These  not  only 
indicate  the  load  on  any  particular  feeder  end,  but  serve  to 
indicate  the  existence  of  trouble,  as  short  circuits  or  groimds, 
on  the  feeder  cable  itself.  In  large  systems  where  the  load  is 
growing  rapidly  and  where  the  feeders  are  interconnected,  the 
load  that  each  feeder  carries  must  be  known,  in  order  that  it 
may  not  become  overloaded  by  the  growth  of  the  business  in 
that  particular  section,  and  feeder  ammeters  are  therefore 
essential. 

Correct  regulation  of  the  pressures  at  the  different  feeding 
centers  is  a  matter  of  extreme  importance,  and  voltmeters, 
one  for  each  side  of  the  three-wire  system,  are  installed  in  the 
station  and  connected  to  pressure  wires  that  come  back  from 
important  feeding  centers.  Usually,  there  is  selected  one 
feeder,  called  a  standard  feeder ,  that  is  considered  representative 
of  the  feeders  connected  to  any  particular  bus;  when  the  pres- 
sure at  the  end  of  the  standard  feeder  is  correct,  all  the  feeders 
supplied  from  the  same  bus  are  considered  to  have  a  good 
average  pressure  condition  at  their  ends.  Usually,  one  standard 
feeder  is  selected  for  each  bus  in  operation.  The  voltmeters 
are  provided  with  a  selective  switch  arrangement,  such  that  they 
may  be  switched  from  the  pressure  wires  to  the  bus.  Record- 
ing voltmeters  are  sometimes  installed  for  the  purpose  of 
giving  graphic  records  of  the  pressures  at  the  feeding  centers 
at  all  hours  of  the  day,  so  that  the  operating  engineer  may  know 
how  efficiently  the  pressure  regulation  throughout  the  system 
has  been  carried  on. 
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ALTERNATING-CURRENT  STATIONS 


PARALLEL  OPERATION  OF  ALTERNATORS 

43.  Alternating-current  generators,  designed  for  the  same 
pressures,  frequencies,  and  similar  wave  forms,  can  be  operated 
in  parallel,  but  with  somewhat  more  difficulty  than  direct- 
current  units.  If  the  alternators  are  of  unlike  design  and 
construction  or  if  the  driving  power  of  one  has  different  speed 
regtdation  from  the  prime  movers  of  the  others,  this  difficulty 
is  greatly  increased,  and  may  be  sufficient  to  make  parallel 
operation  undesirable,  or  even  impossible. 

If  the  polarity  of  one  of  two  direct-current  generators  nor- 
mally connected  in  parallel  is  reversed  with  respect  to  the  other, 
that  is,  if  the  negative  terminal  of  one  is  connected  to  the 
positive  of  the  other  and  the  positive  terminal  of  the  first  to 
the  negative  of  the  second,  the  result  will  be  a  short  circuit  in 
which  the  voltage  will  be  the  sum  of  the  pressures  of  both 
generators  and  the  resistance  will  be  the  sum  of  the  resistances 
of  the  two  armatures  and  the  conductors  connecting  them.  A 
short-circuit  of  the  same  character  exists  when  the  electromotive 
forces  of  two  alternators  connected  in  parallel  are  180  electrical 
time-degrees  out  of  phase  with  each  other. 

As  the  polarity  of  an  alternator  is  reversing  with  every 
alternation,  if  another  alternator  is  to  operate  in  parallel  with 
it,  the  second,  in  order  to  have  its  instantaneous  polarity  the  same 
as  that  of  the  first,  must  be  reversing  its  pressure  at  the  same 
time,  and  each  of  the  terminals  that  are  to  be  connected  must 
be  alive  with  positive  or  negative  potential  at  the  same  instant. 
When  this  condition  exists,  the  electromotive  forces  of  the  alter- 
nators are  said  to  be  in  synchronism  and  in  phase  with  each  other. 

44.  For  the  proper  paralleling  of  alternators,  three  condi- 
tions are  necessary :  The  electromotive  forces  should  be  alike  or 
nearly  so;  the  machines  must  be  running  nearly  in  synchronism 
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before  the  paralleling  connection  is  made;  the  electromotive 
forces  mtist  be  in  phase  with  each  other  at  the  instant 
that  the  parallel  connection  is  made.  Immediately  the  alter- 
nators are  connected  in  parallel,  the  second  requirement  changes 
to  that  in  which  the  tmits  must  be  in  perfect  synchronism. 

The  reason  for  the  first  requirement  is  to  avoid  a  heavy  flow 
of  cross-current  between  machines  after  paralleling;  for  the 
second,  so  that  the  incoming  machine  can  get  into  phase  with 
the  running  machine;  and  for  the  third,  to  avoid  serious  injury 
to  the  armatures  and  possibly,  also,  to  the  engines,  if  each 
generator  were  to  short-circuit  the  other.  Perfect  synchronism, 
after  paralleling,  is  necessary  to  prevent  the  generators  from  fall- 
ing out  of  phase,  or  out  of  step,  which  would  cause  a  short  circuit. 

Alternating-current  generators,  driven  by  synchronous  motors, 
are  not  subject  to  speed  control  for  paralleling,  and  the  steps 
to  be  taken  to  get  them  into  phase  with  each  other  are  treated 
in  another  Section.  The  condition  of  parallel  operation  is 
fairly  stable,  for,  if  one  tends  to  increase  slightly  in  speed,  it 
takes  a  larger  part  of  the  load,  which  ptills  it  back  in  phase; 
or,  if  no  load  is  connected,  it  motorizes  the  other  generator,  thus 
equalizing  the  phase  relations  of  the  two. 

45«  Observations  to  determine  the  proper  phase  relations 
between  alternators  to  be  paralleled  can  be  made  by  the  use 
of  synchronizing  lamps,  by  a  voltmeter  connected  in  parallel 
with  synchronizing  lamps  or  a  special  resistance,  by  a  voltmeter 
properly  connected  between  pressure  leads  from  the  machines, 
and  by  means  of  the  synchronizer,  or  synchroscope.  Of  these, 
the  lamps  are  the  least  reliable  and  the  sjmchronizer,  or 
synchroscope,  is  the  best.    

SYNCHRONIZING  CIRCtJITS 


STNCHBONIZINO    WITH    LAMPS 

46.  Syndironizlng  With  Lamps  Dark. — The  most 
common  device  for  indicating  synchronism  is  a  circuit  contain- 
ing one  or  more  incandescent  lamps  properly  connected  between 
the  sources  of  the  electromotive  forces  that  are  to  be  tested 
for    synchronism.    The  simplest  case  is   the   synchronizing 
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connections  of  a  pair  of  low-voltage  (110-volt),  single-phase 
alternators  connected  to  mutual  busses,  as  in  Fig.  16.  The 
alternator  a  is  assumed  to  be  supplying  energy  through  the 
switches  b  to  the  bus-bars.  The  alternator  c  is  assumed  to 
be  generating  an  electromotive  force,  but  with  its  armature 
switches  d  open.  The  circuit  between  the  two  alternators  is 
complete  through  the  synchronizing  lamps  e.  If  the  electro- 
motive forces  of  the  two  machines  differ  widely  in  phase,  even 
though  equal  in  value,  cross-currents  passing  between  the 
alternators  will  cause  the  lamps  to  glow.  If  the  alternators 
are  exactly  in  synchronism,  the  electromotive  forces  will  at 

-  each  instant,  except 
the  instant  of  reversal, 
"  be  in  opposition  to 
each  other,  and,  if 
equal  in  voltage,  no 
current  passes  through 
the  lamps,  which  then 
remain  dark.  Inprac^ 
tice,  the  switches  d  are 
closed  when  the  ma- 
chine c  has  attained 
approximate  synchro- 
nous speed,  as  indi- 
cated by  the  lamps  e 
changing  slowly  from 
brightness  to  darkness ; 
the  switches  are  closed  in  the  middle  of  a  dark  period,  and 
the  alternators  then  bring  each  other  into  exact  synchronism 
automatically.  When  synchronizing  machine  a  with  machine  c 
lamps /are  used. 
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if 


Fig.  15 


47.  Syndironlzlng  With  Lamps  Briglit. — ^Becatise 
there  is  a  comparatively  wide  range  of  voltage  over  which 
lamp  filaments  will  not  glow,  the  absence  of  a  glow  does  not 
accurately  indicate  the  condition  of  no  difference  of  potential 
between  terminals  of  the  switches  d,  Fig.  15,  and,  consequently, 
synchronizing  with  dark  lamps  is  somewhat  tmcertain.    If  the 
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lamps  are  connected  as  shown  in  Fig.  16,  which  is  lettered  to 
correspond  to  Fig.  15,  the  electromotive  force  tending  at  any 
instant  to  send  airrent  through  the  lamps  e  is  not  the  difference, 
but  the  sum,  of  the  electromotive  forces  of  the  generators  at 
that  instant.  Because  a  change  in  pressure  of  a  few  volts 
makes  a  considerable  change  in  the  brightness  of  a  lamp  that 
is  already  glowing  at  approximately  normal  brilliancy,  and  a 
like  change  near  the  zero  value  of  the  voltage  produces  a  smaller 
change  in  brightness,  many  engineers  consider  the  method  of 
Fig.  16  the  more  reliable  form  of  connection.  In  Edition,  the 
possibility  of  the  lamps  burning  out  during  synchronizing 
operations  and  thus  — 
being  dark  and  giving 
an  indication  of  in 
phase  relations  when 
the  electromotive 
forces  are  really  out  of 
phase  is  urged  in  favor 
of  bright-lamp  syn- 
chronizing connec- 
tions. The  operation 
of  syncl)ux)nizing  with 
lamps  bright  is  the 
same  as  the  dark-lamp 
method,  except  that 
the  alternator  switches 
are  closed  in  the 
middle  of  a  period  when  the  lamps  are  btiming  brightest. 

48.  Synchroiilzliig-Lainp  Coimeetioins  for  High- 
Voltage  Slngle-Pliase  Maclilnes. — ^The  simple  forms  of 
connections  just  described  are  not  suitable  for  use  with  high- 
voltage  generators.  By  wiring  enough  lamps  in  series,  synchro- 
nizing could  be  performed  with  lamp  circuits  connected  to  the 
generator  leads,  but  the  number  of  lamps  required  would  be 
very  large  and  the  high  voltages  carried  by  the  synchronizing 
circuits  would  be  dangerous  to  the  operator.  Pressure,  or 
potential,  transformers,  are  always  used  to  obtain  low  voltages 
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for  the  synchronizing  ciroiits  of  alternators  generating  more 
than  300  volts. 

In  Fig.  17  are  shown  the  connections  for  synchronizing  high- 
voltage,  single-phase  alternators  to  the  bus-bars.  The  syn- 
chronizing lamps  are  connected  between  the  low-voltage  winding 
of  the  potential  transformer  a  and  the  synchronizing  busses  b. 
The  high-voltage  winding  of  a  potential  transformer  c  is  con- 
nected across  the  leads  of  each  alternator  between  the  armature 
terminals  and  the  armatiu^  switches;  the  low- voltage  windings 
of  these  transformers  are  connected  through  plug  receptacles  d 
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to  the  synchronizing  busses.  Inserting  the  plug  switch  in  the 
synchronizing  receptacle  on  the  panel  of  a  generator  to  be 
started  completes  the  connections  for  synchronizing  that 
generator  with  the  main  busses.  By  connecting  the  potential 
transformers  with  proper  attention  to  polarities  or  by  selecting 
a  plug  switch  with  the  proper  connections,  the  lamps  can  be 
arranged  to  indicate  synchronism  when  dark  or  when  bright, 
as  desired. 

49.    The  potential  transformer  connected  to  the  leads  of 
the  nmning  generator  can  be  used  to  supply  a  low  pressure 
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to  the  synchronizing  circuit,  as  in  Fig.  18;  but  some  engineers 
consider  that  there  is  some  advantage  in  synchronizing  to  the 
bus-bars,  as  in  Fig.  17,  instead  of  to  another  machine.  With 
more  than  two  alter- 
nators, two  plugs,  or 
sets  of  synchronizing 
switches,  are  neces- 
sary when  synchroni- 
zing with  a  machine 
already  in  operation, 
one  plug  to  connect 
the  synchronizing 
lamps  to  the  potential 
transformer  of  the  run- 
ning machine  and  the 
other  to  connect  them 
to  the  transformer  of 
the  starting  machine.  Even  in  large  stations,  however,  it  is 
not  tmcommon  to  install  connections  so  that  generators  are 
synchronized  by  means  of  pressure  transformers  connected  on 
machine  leads  only. 

50*    Synchronizliig  Circuits  for  Polyphase  Altema- 
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tors. — If  one  phase  of  a  polyphase  alternator  is  in  synchronism 
with  one  phase  of  another  alternator,  the  other  phases  will  be 
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in  synchronism — ^provided,  of  course,  that  the  machines  are 
properly  connected.  Synchronizing  circuits  are,  therefore, 
connected  to  only  one  phase  of  polyphase  alternators.    Fig.  19 

shows  two  methods  of 
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'  connecting  synchroni- 
zing circuits  to  three- 
phase,  Y-connected 
generators  with 
grounded  neutrals. 
In  (a),  the  connections 
are  made  between  one 
phase  conductor  and 
the  neutral;  in  (6), 
between  two  phase  conductors.  Generators  with  delta-con- 
nected armature  windings  are  synchronized  by  means  of  poten- 
tial transformers  connected  across  corresponding  phases  of  each 
machine,  as  in  Fig.  20.  The  synchronizing  connections  of  two- 
phase  generators,  also,  are  made  across  corresponding  phases 
of  each  machine.  In  Figs.  19  and  20,  the  sjmchronizing  plug 
receptacles  are  not  shown.  As  with  single-phase  machines,  the 
lamps  can  be  connected  to  indicate  synchronism,  either  when 
dark  or  ^en  bright.    . 

Polyphase  machines 
can  also  be  connected  ' 
so  as  to  synchronize  to 
the  bus-bars,  as  shown 
for  the  single-phase 
machines  in  Fig.  17,  in 
which  the  single-phase 
conductors  can  be  con- 
sidered as  one  phase 
of  a  polyphase  system. 
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51*  Grounded 
Synchronizing  Cir- 
cuits.— In  many  installations,  the  secondary  windings  of  all 
instrument  transformers  are  groimded  on  one  side  to  a  small 
copper  bus-bar  that  runs  aroimd  the  station  and  to  which  the 
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return  circuits  of  instruments  are  connected.  By  taking  advan- 
tage of  the  ground  bus,  the  wiring  of  synchronizing  circuits 
can  be  simplified  considerably,  as  shown  in  Fig.  21. 


SYNCHBONIZINO    WITH   VOI/r&fETEBS 

62.  Simple  Connections. — Synchronizing  lamps  can  be 
regarded  as  only  approximately  reliable.  In  order  to  obtain 
an  indicating  device  that  can  be  relied  on,  the  station  alterna- 
ting-current voltmeter  is  sometimes  connected  in  place  of  one 
of  the  lamps.    The  indication  of  the  instrument  at  synchronism 


Fig.  22 

will  be  either  zero  or  double  the  voltage  of  the  potential- 
transformer  secondary  pressures,  according  to  the  system  of 
connecting  the  transformers.  Another  method  is  to  connect 
the  voltmeter  in  parallel  with  one  of  the  synchronizing  lamps, 
so  that  the  instrument  will  show  the  fall  of  potential  through 
the  lamp. 

The  voltmeter,  when  used  to  show  the  in-phase  relation  by 
its  zero  indication,  is  almost  as  tmreliable  as  an  incandescent 
lamp,  because  the  scale  of  an  alternating-current  voltmeter 
is  very  fine  near  the  zero  point,  a  considerable  change  in  voltage 
being  required  to  move  the  indicating  needle  a  distance  that 
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can  be  observed.  Therefore,  the  instrument  shotild  always  be 
connected  for  showing  the  in-phase  condition  by  a  reading  of 
double  potential. 

63.  WoodbPldge  System. — ^The  indication  of  synchro- 
nism by  a  double-potential  reading  of  a  voltmeter,  also,  is 
somewhat  unreliable;  the  pressure  changes  at  the  times  imme- 
diately preceding  and  following  the  in-phase  relation  are  small 

in    comparison    with 
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the  changes  in  phase. 
To  obviate  this  diffi- 
culty, a  scheme  of 
connections  applicable 
to  three-phase  systems 
has  been  devised  by 
J.  E.  Woodbridge. 
The  method  is  to  apply 
to  the  voltmeter  the 
resultant  of  two  alter- 
nating  electromotive 
forces  differing  in 
phase  by  6(f.  By  this 
scheme,  the  voltmeter 
is  supplied  with  an 
electromotive  force 
that  has  a  relatively 
rapid  change  at  the 
times  immediately 
preceding  and  following  the  in-phase  condition.  The  method  is 
shown  in  elementary  diagram,  without  the  details  of  instrument 
switching  connections,  in  Fig.  22,  in  which  a  is  the  voltmeter, 
h  a  ground  connection,  and  c  a  single-pole  plug  receptacle. 
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STNCHROSCOPB    CONNECTIONS 

54*  Like  lamps,  a  voltmeter  cannot  indicate  the  amount  of 
phase  difference  between  two  electromotive  forces,  nor  can  it 
indicate  which  is  leading  in  frequency.  For  paralleling  alter- 
nators of  comparatively  large  capacity,  synchronism  indicating 
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devices  more  accurate  than  voltmeters  are  considered  necessary, 
and  modem  stations  are  therefore  eqtiipped  with  synchro- 
scopes, or  synchronism  indicators. 

A  type  of  synchroscope  constructed  on  the  electrodjnia- 
mometer  principle  is  described  in  Alternating- Current  Measuring 
Instruments.  Another  instrument,  also  of  the  dectrodyna- 
mometer  tjrpe,  more  nearly  resembles  a  synchronous  motor 
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with  field  winding  excited  by  alternating  current.  The  armature 
is  of  the  split-phase  type  with  two  coils  a,  Figs.  23  and  24,  arranged 
on  a  rotatable  core  at  an  angle  of  90°  (mechanically)  from  each 
other.  The  phase  splitting  is  effected  by  the  use  of  a  divided 
circuit,  one  branch  of  which  contains  a  resistance  h  and  the 
other  a  reactance  c.    The  armature  windings  receive  currents 
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nearly  90  electrical  time-degrees  out  of  phase  with  each  other 
and  are  supplied  by  the  electromotive  force  of  the  starting 
machine;  the  field  winding  d  is  supplied  with  current  by  the 
electromotive  force  of  the  running  machine.  If  the  frequency 
of  the  armature  currents  is  the  same  as  that  of  the  field  ourent, 
there  will  be  no  tendency  of  the  armature  to  rotate.  Any  differ- 
ence in  the  frequencies,  however,  causes  rotation — one  way,  if  the 
incoming,  or  starting,  machine  is  too  slow;  the  other  way,  if  it 
is  too  fast.  If  the  two  electromotive  forces  to  be  synchronized 
have  the  same  frequency  but  differ  in  phase,  the  pointer  of  the 
synchroscope  remains  in  a  position  indicating  the  phase  difference. 

Synchroscope  connections  with  pressure-transformer  secon- 
daries grounded  are  shown  in  Fig.  23,  and  Fig.  24  shows  connec- 
tions for  transformers  not  grounded. 

With  the  synchroscope,  the  necessity  of  causing  the  running 
machine  to  supply  the  field  of  the  instrument  and  causing  the 
incoming  machine  to  supply  the  armature  requires  the  use  of 
two  different  plugs,  one  of  which,  when  connected  to  the 
terminals  of  a  receptacle,  will  cause  the  field  circuit  to  be 
excited  and  the  other  to  make  the  armattire  circuit  of  the 
instrument  alive.  Synchronizing  lamps  e.  Figs.  23  and  24,  are 
sometimes  used  in  conjunction  with  a  synchroscope.  The 
connections  can  also  be  arranged  so  that  the  incoming  machine 
is  synchronized  to  the  main  btis-bars. 


SMALL  ALTERNATING-CURRENT  STATIONS 


BXCITBB    AND    AiyTEBNATDB   CONNECTIONS 

66.  Exciter  Generators. — The  connections  of  the  appa- 
ratus of  an  alternating-current  station  are  more  complex  than 
those  of  a  direct-current  plant,  for  the  former  must  have,  in 
addition  to  the  alternators,  one  or  more  exciter  sets,  the  connec- 
tions of  which  are  almost  as  complete  as  those  of  a  direct- 
current  station. 

An  exciter  generator  is  of  small  capacity,  the  amount  of 
energy  required  for  field  excitation  of  an  alternator  being 
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generally  not  more  than  about  2  per  cent,  of  its  own  rating. 
Thus,  if  a  76-kilowatt  alternator  were  installed,  the  energy 
reqtiired  for  its  excitation  would  be  not  more  than  IJ  kilo- 
watts; but  in  practice,  such  small  machines  are  not  used  for 
exciting  purposes,  and  even  in  a  small  installation  an  exciter 
generator  of  from  3  to  6  kilowatts  capacity  is  employed. 


Pic.  25 

The  exciter  generator  can  be  either  shimt  or  compound 
wound,  and  there  are  many  installations  of  each  kind  in  regular 
operation.  The  load  of  the  exciter  is  not  changed,  except  when 
the  station  attendant  is  at  hand  to  regulate  its  potential. 
Usually,  also,  no  part  of  the  exciter  circuit  leaves  the  station; 
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therefore,  the  exciter  system  is  not  especially  liable  to  short 
drctiits,  which  would  affect  the  pressure  r^^ulation.  There 
is,  then,  no  very  important  reason  why  the  exciter  generator 
should  be  compound  woimd. 

66.  Single-Phase  Connections. — ^The  alternators  of  a 
small  station  may  be  single-phase,  two-phase,  or  three-phase. 
The  most  modem  stations,  if  suppljdng  any  power  load,  are 
three-phase,  and  generally  with  the  armatures  star  wound  in 
preference  to  delta  woimd,  as  the  star  winding  with  the  neutral 
connected  is  the  better  for  supplying  an  unbalanced  load  of 
single-phase  circuits. 

There  are,  however,  many  single-phase  and  two-phase 
installations  in  service.  Fig.  25  shows  the  prindpal  features 
of  the  wiring  of  a  station  with  two  single-phase  alternators 
equipped  with  simple,  hand-operated  oil  switches  with  auto- 
matic overload  release.  The  alternator  armature  windings 
are  shown  at  a,  the  alternator  field  windings  at  6,  the  field- 
discharge  resistances  at  c,  the  alternator  field  rheostats  at  d,  the 
compound-woimd  exciter  at  e  with  its  shunt-field  rheostat  at  /. 
The  exciter  switches  g  are  sometimes  omitted. 

The  diagram  shows  synchronizing  lamps  h  connected  to  the 
secondaries  of  imgrounded  potential  transformers  i  to  which 
the  voltmeter  ;,  also,  is  connected  through  plug  switches.  In 
small  plants,  the  use  of  lamps  for  synchronizing  is  common; 
but  the  system  of  wiring  shown  cannot  be  taken  as  standard, 
because  of  the  diversity  of  opinion,  as  to  the  most  suitable  form 
of  connection  for  this  work. 

The  trip  coils  k  of  the  oil  switches  represented  at  I  are  ener- 
gized directly  from  the  current  transformers  m  to  which  the 
ammeters  n,  also,  are  connected.  This  form  of  connection  is 
in  quite  general  use  in  small  stations;  the  necessity  of  relays 
and  of  a  direct-current  operating  bus  is  thereby  avoided. 

In  a  one-unit  station,  the  alternator  field  winding  is  some- 
times connected  directly  to  the  exciter  terminals,  with  no 
exciter  switches  or  alternator  field  switches  in  circuit.  Also, 
with  a  single  imit,  the  synchronizing  connections  are,  of  course, 
omitted. 
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67.  Two-Phase  Connections. — The  principal  features 
of  polyphase  alternator  connections  in  small  stations  are  shown 
in  Figs.  26,  27,  and  28,  each  of  which  is  lettered  to  correspond 
with  Fig.  26. 

The  wiring  diagram  of  a  pair  of  two-phase  generators  is  shown 
in  Fig.  26."  The  oil  switches  have  two  trip  coils,  either  of 
which,  if  energized,  can  operate  the  automatic  opening  devices. 


Fig.  26 


Each  trip  coil  is  in  series  with  a  separate  current  transformer, 
one  on  each  phase,  so  that  the  switch  will  be  automatically 
opened  if  an  overload  occm^  on  either  of  the  two  armattu^ 
circuits.  The  current  transformers  supply  the  indicating 
ammeters  also,  of  which  there  is  one  for  each  phase.  The 
voltmeter  plug  switches  on  each  panel  are  sometimes  arranged 
so  that  the  voltage  of  either  phase  of  the  machine  can  be  read. 

266—31 
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68«  Three-Phajse  Star  Connections. — ^The  essentials 
of  the  wiring  of  a  pair  of  Y-wound  alternators  are  shown  in 
Fig.  27.  Overload  protection  is  necessary  on  each  phase 
separately;  a  trip  coil  is  therefore  installed  in  series  with  the 
secondary  coil  of  a  current  transformer  and  an  ammeter  for  each 
phase  conductor  of  the  machine  leads.  The  secondaries  of  the 
current  transformers  are  usually  grounded  on  one  side,  and  the 


Pig.  27 


return  side  of  the  trip  coils  is  also  grotmded,  the  return  circuits 
being  completed  through  the  ground  connections. 

The  most  modem  practice  is  to  groimd  the  neutrals  of 
Y-wotmd  alternators,  in  order  to  limit  the  potential  between 
any  one  phase  conductor  and  the  groimd.  One  form  of  ground 
connection  consists  of  a  copper  plate,  about  3  feet  square  and 
J  inch  thick,  buried  in  a  thick  bed  of  charcoal  deep  enough  in 
the  ground  to  be  always  moist  and  below  the  frost  line.  Such 
grounds  may  develop  high  resistance,  owing  to  the  disappear- 
ance of  moisture  from  the  groimd  surrounding  the  plate;  a 
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more  efficient  ground  consists  of  a  number  of  pipes,  each  pointed 
at  one  end  and  drilled  at  a  number  of  places  near  the  point. 
Each  pipe  is  driven  pointed  end  downwards  into  the  ground 
to  a  distance  of  about  3  feet  below  the  frost  line,  and  is  then 
filled  with  crushed  rock  salt  and  water.  The  pipes  are  con- 
nected together  by  a  bar  or  strap  of  copper  and  to  this  bar  or 
strap  is  joined  the  neutral  connection  of  the  generators.  The 
water  and  salt  are  renewed  occasionally,  and  the  brine  perco- 
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lates  through  the  holes  in  the  pipes  and  keeps  the  ground 
saturated  with  a  good  conducting  liquid. 

The  voltmeter  and  exciter  connections  are  not  shown  in 
Fig.  27.  The  latter  are  the  same  as  in  Figs.  25  and  26;  the 
former  (not  shown)  are  so  arranged  that  the  voltage  of  any 
phase  of  any  generator  can  be  determined. 

59.  Three-Phase  Delta  Connections. — The  wiring  dia- 
gram of  two  delta-connected,  three-phase  alternators  is  shown 
in  Fig.  28.  These  generators  can  have  no  neutral  connection 
to  their  armatures  and  are  not  so  well  adapted  for  carrying 
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unbalanced  loads  as  are  the  Y-wound  machines.  When  delta- 
connected  generators  are  used,  it  is  sufficient  to  use  an  oil  switch 
with  two  trip  coils  and  to  install  current  transformers  for  these 
trip  coils  on  only  two  phases  of  the  generators,  as  shown  in  the 
diagram,  and  this  is  frequently  done.  When  the  load  is  nearly 
balanced,  current  readings  on  only  otie  phase  need  be  taken,  and 
the  ammeter  can  be  connected,  either  in  series  with  one  of  the  trip 
coils  or  in  the  circuit  of  a  separate  current  transformer,  as  shown 
in  the  diagram.  Sometimes  three  current  transformers  and  a 
three-way  switch  are  provided,  so  that  ammeter  readings  on  any 
phase  can  be  taken  from  one  instrument  per  generator  panel. 
By  providing  the  panels  with  suitable  plug  receptacles,  the 
voltmeter  connections  (not  shown  in  Fig.  28)  can  be  so  arranged 
that  the  instrument  will  indicate  the  voltage  of  any  phase  of  any 
generator  in  the  station.  The  exciter  connections,  being  the 
same  as  in  Figs.  25  and  26,  are  not  shown  in  Fig.  28. 


BUSSES,    SWITCHES,    AND   DISTBIBUTINO    dBCUFTO 

60.  Busses  and  Switches. — If  the  voltage  of  an  alter- 
nating-current system  is  4,000  or  less,  the  bus-bars  are  generally 
installed  on  the  back  of  the  switchboard,  and  oil  switches  for 
generators  and  feeders  are  supported  on  the  rear  of  the  panels. 
The  oil  switches  are  manually  operated  by  means  of  a  handle 
on  the  front  of  the  switchboard.  When  the  voltage  is  higher 
than  about  4,000,  which  is  infrequent  in  small  stations,  the 
switches  are  generally  more  remotely  situated  and  the  mechan- 
ical connection  is  made  to  the  mechanism  by  longer  links, 
bell-cranks,  etc.,  as  described  in Switchgear,  When  the  voltages 
are  as  low  as  1,000,  or  even  2,000,  circuits  are  sometimes 
equipped  with  knife-blade  switches  and  fuses.  The  knife- 
blade  switches  have  long  air  breaks  and  are  operated  either 
by  a  handle  on  the  switch  or  by  a  long  wooden  pole  that  permits 
the  operator  to  open  the  switch  with  somewhat  greater  safety. 
Low-tension  stations — that  is,  those  generating  from  400  to 
750  volts — usually  have  knife-blade  switches  and,  if  automatic 
protection  is  desired,  air-break  circuit-breakers.  In  such  cases, 
the  switchboard  bears  a  considerable  resemblance  to  that  of  a 
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low-tension  direct-current  installation,  except  for  the  instru- 
ments, which  are  adapted  for  alternating-current  service. 

The  distributing  circuits  in  systems  of  4,000  volts  or  less  are 
not  always  provided  with  oil  switches.  In  many  installations, 
the  automatic  protection  consists  only  of  high-tension  fuses, 
either  of  the  cartridge  type,  or  of  a  semi-enclosed  form.  In 
order  that  a  circuit  may  be  disconnected  for  replacing  the 
fuses,  knife-blade  switches  are  placed  in  series  with  the  fuses, 
preferably  on  the  bus  side  of  the  fuse-holder  studs. 

61.  Distributing  Circuits. — Distributing  circuits  from 
single-phase  stations  are,  of  course,  all  single-phase.  From 
two-phase  stations,  both  single-phase  and  two-phase  circuits 
supply  the  distributing  systems,  single-phase  for  lighting 
circuits  and  two-phase  for  power  service.  From  the  three-phase 
stations,  especially  those  with  Y-wotmd  generators,  single-phase 
circuits  supply  lighting  loads,  three-phase  three-wire  lines  are 
run  for  power,  and  foiu'-wire  three-phase  circuits  for  combi- 
nation lighting  and  power  service.  On  accoimt  of  the  expense 
of  running  separate  circuits  for  each  kind  of  service,  it  is  common 
practice,  except  in  very  large  systems,  to  use  the  combination 
lighting  and  power  circuits  for  general  distribution  and  to 
connect  lighting  and  single-phase  power  loads  between  the 
neutral  and  each  of  the  different  phase  conductors,  care  being 
taken  to  balance  the  connected  load  properly. 

When  a  grounded  neutral  system  is  used,  the  neutral  bus  is 
usually  not  installed  on  the  switchboard,  but  at  some  con- 
venient location  in  the  station,  generally  near  the  place  where 
the  circuits  leave  the  building. 


MEDIUM-SIZE    ALTERNATING-CURRENT     STATIONS 


GENERAL    FEATURES 

62.  Altemating-cturent  stations  of  mediimi  size,  intended 
for  general  lighting-and-power  service,  usually  have  polyphase 
generators,  the  connections  of  which  do  not  differ  essentially 
from  those  of  the  smaller  installation.  The  principal  difference 
between  the  small  and  the  mediiun-size  station  is  in  the  number 
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and  size  of  the  imits;  the  details  of  connection  of  such  apparatus 
as  synchronizing  circuits,  protective  devices,  and  distributing 
circuits;  the  use  of  more  elaborate  eqxiipment,  such  as  circuit- 
potential  and  Tirrill  regulators;  and  the  more  complete  use  of 
protective  devices. 


TIBBILL   BEOULATOB 

63/  In  order  to  provide  good  regulation  of  the  potential 
at  the  bus-bars  and  thus  to  improve  the  regulation  on  the 
circtiits,  Tirrill  regulators  are  sometimes  installed.  It  is  the 
usual  practice  to  connect  the  potential  coil  of  the  Tirrill  r^;ula- 
tor  to  the  secondary  of  a  potential  transformer,  the  primary 
of  which  is  connected  directly  to  one  phase  of  the  leads  of  the 
generator  to  be  regulated.  If  all  the  generators  receive  field 
current  from  one  exciter,  the  pressure  transformer  for  supplying 
the  Tirrill  regulator  may  be  connected  to  one  phase  of  the  bus- 
bars instead  of  the  generator  leads.  The  direct-current  supply 
for  the  regulator  is  generally  made  selective  between  exciters 
by  means  of  a  separate  switch  of  small  capacity  connected  to 
the  terminals  of  each  exciter  set  or,  in  some  instances,  is  made 
selective  between  two  exciter  busses  by  similar  switches  con- 
nected to  exciter  bus-bars. 


PBOTBCmVB    DEVICES    AND    STNCHBONIZINO    CIRCUITS 

64.  Protection  From  Overload. — The  oil  switches  in 
use  in  .the  generator  leads  in  stations  of  medium  size  where  the 
units  are  of  200  kilowatts  capacity,  and  upwards,  are  usually 
not  operated  by  a  trip  coil  energized  directly  from  the  current 
transformers,  but  by  direct  current  from  operating  busses 
at  a  potential  of  about  125  volts.  The  direct  current  fOT 
actuating  the  tripping  device  is  sent  through  the  trip  coil  by  a 
relay  that  is  energized  by  current  from  the  current  transformers 
in  the  generator  leads.  The  wiring  for  these  relays  and  the 
trip  coils  of  the  oil  switch  is  shown  in  Fig.  29  (a),  (fc),  (c),  and  (rf)t 
for  single-phase,  two-phase,  three-phase  delta,  and  three-phase 
Y  systems,  respectively.  In  each  diagram,  the  alternator  arma- 
ture winding  is  represented  at  a,  the  oil  switch  at  fr,  a  current 
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transformer  at  c,  a  relay  operating  coil  at  d,  relay  contacts  at  e, 
the  oil  switch  trip  coil  at  /,  and  the  leads  to  the  direct-current 
operating  busses  at  g. 

The  operating  busses  are  generally  supplied  from  the  exciter 
system,  though,  in  some  cases,  the  supply  is  from  a  small  storage 
battery  of  about  40  amperes  capacity  installed  especially  for 
the  ptupose.    The  operating  busses  connect  not  only  to  the 
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Pig.  29 


overload  relays,  but   to   all   control   devices  requiring  direct 
current  for  their  operation. 

66.  Remote-Control  Circuit. — In  medium-size  stations, 
it  is  not  tmcommon  to  have  the  entire  oil-switch  installation 
subject  to  remote  control,  electrically  or  pneumatically,  at  the 
will  of  the  operator.  The  switchboard  then  bears,  instead  of 
operating  handles,  only  small  control  switches  for  energizing 
the  operating  coils  and  for  each  control  switch  a  pair  of  signal 
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lights  to  indicate  whether  or  not  the  switch  operation  has 
been  completed.  The  wiring  diagram  of  such  an  oil  switch  is 
shown  in  Fig.  30.  When  the  single-pole,  double-throw,  control 
switch  a  is  thrown  to  the  upper  position,  the  solenoid  of  the 
relay  b  receives  current  and  the  relay  contacts  are  thereupon 
closed,  completing  the  circuit  from  the  direct-current  operating 
busses  through  the  closing  solenoid  c  of  the  oil-switch  opera- 
ting mechanism.  The  three-way  switch  d  is  mechanically  con- 
nected to  the  oil-switch  mechanism,  so  that  closing  the  oil 
switch  moves  the  contactor  of  the  three-way  switch  to  the  left, 
thereby  closing  the  operating  circuit  through  the  opening  coil  e 

-f  of  the   oil    switch    and 

lamp  /,  the  lighting  of 
which  indicates  that  the 
closing  of  the  oil  switch 
is  complete.  When  the 
lamp  is  in  series  with  the 
opening  solenoid,  the  cur- 
rent in  the  solenoid  is 
too  small  to  operate  the 
oil  switch;  when,  how- 
ever, the  control  switch 
is  thrown  to  the  lower 
position,  the  opening  coil 
is  connected  directly 
across  the  operating  bus- 
ses, and  the  current  be- 
comes great  enough  to 
operate  the  switch  mech- 
anism and  open  the  main 
circuit.  The  opening  of  the  oil  switch  closes  the  three-way 
indicating  switch  d  to  the  right,  so  that  the  green  signal  lamp  g 
receives  current.  The  opening  coil  can  also  be  connected  in 
series  with  a  current  transformer  to  provide  for  automatic 
opening  of  the  oil  switch,  in  case  of  overload.  The  control 
switch  must  be  opened,  and  left  open,  after  the  completion  of 
each  operation  of  opening  or  closing  the  oil  switch. 


D-C.Operaf/ny  Busses 


Pic.  30 
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66«  Synchronizing  circuits  in  stations  of  medium  size  are 
generally  provided  with  a  synchroscope,  on  account  of  the 
diflSculty  of  performing  acctirate  synchronizing  operations  by 
the  indications  of  lamps  or  voltmeters. 


BUSSES   AND   DISTRIBUTING    CIBCUrrS 

67.  Duplicate  Bus  System. — The  service  supplied  from 
alternating-current  stations  of  medium  size  is  generally  more 
important  than  that  supplied  from  the  smaller  plants.  Hence, 
in  order  that  the  interruptions  or  inconvenience  due  to  con- 
struction, repair,  or  maintenance  work  on  the  apparatus  may 
be  reduced  to  a  minimum,  there  are  generally  at  least  two 
sets  of  bus-bars  to  which  the  generator  leads  and  distributing 
circuits  can  be  connected.  The  selective  switching  between 
different  sets  of  bus-bars  can  be  effected  by  the  use  of  two 
separate  oil  switches,  sometimes  mechanically  or  electrically 
interlocked,  or  by  a  set  of  knife-blade  transfer  switches  so 
arranged  that  the  switches  can  be  connected  to  both  busses  at 
the  same  time.  Such  switches  have  two  blades  on  a  common 
hinge,  but  the  blades  are  so  arranged  that  they  can  swing 
independently  of  each  other  and  fit  into  clips  with  two  recep- 
tacles. The  switches  can  thus  be  split  between  busses  and  the 
connection  of  the  machine  or  circuit  transferred  from  one  set 
of  bus-bars  to  the  other  without  interruption  of  the  supply. 

68«  Control  and  Voltage  Regrulation  of  Distributing 
Circuits. — In  mediimi-size  alternating-current  plants  used  for 
general  lighting  and  power,  the  distributing  circuits  are  usually 
more  completely  eqxiipped  than  in  the  small  plants.  The  feeders 
are  provided  with  oil  switches  having  automatic  overload  release, 
and  in  many  cases  the  circuit  switches  are  also  electrically 
remotely  controlled  at  the  will  of  the  operator. 

On  accoimt  of  the  great  differences  in  lengths  and  loads  of 
feeders,  the  potential  drops  therein  differ,  and  it  is  not  possible 
by  regulating  the  bus  voltage  to  supply  uniform  pressure  over 
a  large  area.  Long  feeders  or  circuits  are  sometimes  equipped 
with  boosting  transformers  and  the  shorter  feeders  with  choking 
transformers.    This  method  of  adjusting  the  supply  of  pressure 
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to  the  distributing  circtdts  compensates  for  the  different  poten- 
tial drops,  due  to  different  lengths  of  feeders,  but  not  for  the 
change  in  potential  drop,  due  to  change  in  load.  In  order  to 
provide  for  this  condition  also,  potential  regulators  are  used. 
Potential  regulators  are  capable  of  being  changed  at  once  from 
boosting  to  choking  transformers,  or  vice  versa,  and  of  raising 
or  reducing  the  voltage  in  any  desired  amount  up  to  the  limit 
of  their  potential  capacity. 

Potential  regulators  are  usually  installed  in  one  conductor 
of  each  single-phase  lighting  circuit  and  in  each  phase  conductor 
of  three-phase  combination  lighting  and  power  circuits.  They 
may  be  either  remotely  controlled  at  the  will  of  the  operator, 
or  automatically  controlled  by  means  of  a  contact-making 
voltmeter.  When  they  are  remotely  controlled  by  the  opera- 
tor, a  line-drop  compensator  is  generally  used  to  indicate  the 
potential  at  the  distant  feeding  center. 


LARGE  ALTERNATTNG-CUKIIENT  STATIONS 


OBNEBAL  FEIATUBH8 

69.  Alternating-current  generating  stations  for  supplying 
lighting  and  power  for  large  systems  are  of  two  kinds:  those 
distributing  energy  directly  to  the  feeding  centers  in  the  same 
manner  as  the  mediiun-size  stations  and  those  supplying 
converting  and  distributing  substations.  As  the  details  of  the 
distributing  circuits  in  the  first-named  type  of  stations  are 
the  same  as  those  in  plants  of  mediiun  size,  the  following 
description  pertains  more  particularly  to  stations  supplying 
converting  and  distributing  substations. 

The  generators  in  stations  of  this  dass  are  nearly  always 
three-phase,  and  usually  have  armature  windings  Y-connected, 
with  the  neutral  grounded.  Sometimes  the  groimd  is  made 
through  a  cast-iron  grid  resistance,  in  order  to  limit  the  current 
in  the  neutral  circuit  in  the  event  of  a  grotmd  on  any  one  phase. 

If  the  generators  are  not  provided  with  overload  protection 
to  open  the  oil  switches  in  the  event  of  severe  overload,  such  as 
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a  short  circuit,  reactance  coils  are 
sometimes  comiected  in  the  leads 
between  the  generators  and  the  bus. 
These  preventive  reactances  serve  to 
limit  the  current  and  thus  to  prevent 
damage  to  the  armature  windings. 
Reactances  for  this  purpose  are  con- 
structed without  iron  in  their  cores 
and  are  generally  self-cooling. 
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EXCITEB    STSTTEM 

70.  In  large  stations,  the  exciter 
system  is  generally  supplied  by  induc- 
tion-motor-driven motor  generators. 
The  equipment  includes, 
also,  steam-engine  or 
steam-turbine-driven 
exciter  generators,  which 
may  be  used  when  de- 
sired and  which  must  be  used  to  start 
the  system  in  the  event  of  a  total  shut 
down.  In  addition,  some  of  the  large 
stations  are  provided  with  126-volt 
storage  batteries,  which  are  kept  con- 
tinually floating  on  the  exciter  busses. 
When  a  storage  battery  is  used,  the 
generators  of  the  exciter  sets  must  be 
either  shimt  wound  or  flat  com- 
pounded. 

Some  large  stations  have  a  separate 
exciter  and  exciter  bus  for  each  alter- 
nator, the  exciters  being  driven  by 
induction  motors  supplied  with  cur- 
rent from  the  generator  leads.  With 
this  form  of  installation,  it  is  necessary 
to  provide  ties  (switches)  between 
adjacent  individual  exciter  busses,  so 
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that  any  bus  can  be  energized  from  the  others,  and  the  corre- 
sponding alternator  excited  tintil  it  is  in  operation  and  the 
individual  motor-generator  exciter  set  is  started  and  paralleled 
to  the  exciter  busses. 

In  Fig.  31  is  shown  the  arrangement  of  the  exciter  system  of 
a  large  generating  station  in  which  a  storage  battery  is  floated 
on  the  exciter  bus-bars;  motor-driven  exciters  are  represented 
at  a,  steam-driven  exciters  at  fc,  the  storage  battery  at  c,  exciter- 
bus  sectionalizing,  or  tie,  switches  at  d,  leads  to  alternator 
field  windings  at  e,  and  leads  to  the  direct-current  operating 
busses  for  oil  switches  at  /.  This  station  is  normally  operated 
with  the  exciter  bus-bars  continuous,  in  order  that  the  storage 
battery  may  be  effective  on  all  the  exciter  busses,  but  is  so 
arranged  that  the  exciter  bus-bars  can  be  sectionalized  at  will. 
The  supply  of  current  for  excitation  of  generators  and  for  the 
operating  btis  for  all  the  oil  switches  pertaining  to  each  unit  is 
taken  from  the  exciter  bus-bar  section  corresponding  to  that 
unit. 

SWrrCHBB,    BUSSES,    AND   DISTBIBDTING    CIBCUrrS 

71.  Oil  Switclies. — In  large  stations,  where  units  are  of 
considerable  size  (3,000  kilowattsand upwards)  andlargeamounts 
of  energy  are  handled,  oil  switches  are  necessarily  remotely  con- 
trolled, either  electrically  or  pneumatically.  Modem  installa- 
tions of  large  oil  switches  are  practically  all  provided  with  electric 
operating  devices,  either  motors  or  solenoids.  The  size  and 
design  of  the  switches  are  partly  dependent  on  the  potential  of 
the  circuits  in  which  they  are  placed,  but  the  barrier  type  of 
construction  is  generally  used,  in  order  to  prevent  an  arc  in  one 
oil  well  or  compartment  from  communicating  to  adjacent 
phases  and  starting  a  serious  short  circuit,  which  might  do 
great  damage.  In  addition,  there  are  sometimes  used  oil 
switches  in  which  the  circuit  is  not  only  broken  twice  in  each 
phase  under  oil  but  each  break  is  made  in  a  separate  oil  well. 

72.  Bus  Construction  and  Location. — ^The  type  of  bus 
construction  employed  in  large  alternating-current  stations 
varies  according  to  the  voltage  of  the  system,  but  for  voltages 
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between  6,000  and  30,000,  the  cellular  and  barrier  form  is  in 
general  use,  in  order  to  confine  as  much  as  possible  arcs  that  may 
occur  as  the  result  of  a  breakdown  of  insulation.    In  some 
of  the  larger  stations,  the  high-tension  bus  and  switching 
eqxiipment  is  placed  in  a  separate  portion  of  the  building  with 
fire-walls  between  the  switch  room  and  adjacent  parts  of  the 
building.    The  oil  switches  are  usually  placed  on  one  floor 
and  the  bus  construction  in  a^room 
below,   as    shown  in   Fig.  32.    The 
operating  mechanism  a  of   the  oil 
switch  is  motmted  on  the  top  of  the 
oil-switch  compartment  b.    In  addi- 
tion to  the  oil  switch,  a  knife-blade 
disconnecting  switch  c  is  provided. 

73.  Bus  Systems. — ^The  systems 
of  arrangement  of  busses  in  alterna- 
ting-current stations  of  large  size  are 
almost  as  numerous  as  the  stations, 
but  they  may  be  roughly  divided 
into  five  general  classes:  one-bus  sys- 
tem, single  sectionalized  bus  system, 
ring-bus  system,  duplicate  bus  sys- 
tem, and  duplicate  sectionalized  bus 
system. 

In  the  one-bns  sj^stem,  all  gener- 
ators and  feeders  connect  to  one  set 
of  bus-bars,  which  are  continuous  from 
one  end  of  the  switchboard  or  bus 
compartment  to  the  other.  Such  a 
system  is  not  adapted  to  flexibility  pig.32 

of  operation,  and  in  order  to  avoid  this  disadvantage,  the 
bus  is  sometimes  divided  into  a  number  of  sections,  one 
for  each  generator,  forming  the  single  sectionalized  sys- 
tem shown  diagrammatically  in  Fig.  33,  in  which  a  indi- 
cates a  generator  and  fr,  a  generator  oil  switch.  The  bus-bars 
can  be  made  continuous,  when  desired,  by  means  of  bus-tie 
oil  switches  c. 
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With  the  arrangement  of  Fig.  33,  any  section  can  be  taken  out 
of  service  for  repairs  or  construction  work;  but  if  the  section 
taken  out  is  not  at  one  end  of  the  btis  system,  the  sections  on 
each  side  of  the  idle  one  are  isolated  from  one  another.    To 

avoid  such  a   condi- 
A  n       ,         Hi  tion,  the  rln^  system 

'  '  '  shown   in  Fig.  34  is 

employed. 

The  ring  system 
permits  any  bus-sec- 
tion to  be  taken  out 
of  service,  but,  like 
the  single  sectional  system,  it  requires  that  the  generator 
connected  to  that  section  be  taken  out  of  service,  also.  This 
difficulty  is  obviated  by  the  duplicate  sectlonallzed  bus 
system.  Fig.  36,  which  consists  of  duplicate  sets  a  and  b  of 
bus-bars,  to  either  of  which  any  generator  c  can  be  connected 
by  selective  switching  provided  by  oil  switches  d  and  e.  The 
use  of  a  reactance  in  the  generator  leads  is  indicated  at/.    If 


Pig.  38 


Fig.  34 

the  distributing  circuits,  also,  are  made  selective  between  the 
two  sets  of  bus-bars,  a  high  degree  of  flexibility  of  operation 
is  secured. 

74.  Dlstrlbutlng-Clrcult  Connections. — Distributing 
circuits  are  connected  to  the  bus-bars  through  oil  switches,  and 
if  duplicate  busses  are  provided,  can  be  made  selective  in 
switching  by  installing  two  oil  switches.    The  use  of  a  single 
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oil  switch  and  a  set  of  transfer  knife-blade  switches,  as  described 

in  connection  with  me- 
dium-size atemating- 
current  stations  is  not 
frequently  resorted  to 
in  large  stations,  where 
the  circuits  carry  large 
amounts  of  energy, 
especially  if  the  volt- 
age is  high.  The  most 
modem  method  of 
connecting  distribu- 
ting lines  and  circuits 
is  the  group  system, 
by  which  a  small  group 
of  circuits,  usually  four 
or  five,  are  connected 
through  oil  switches  g 
to  a  common  group 
bus  h,  Fig.  35,  whidi 
has  two  switches  i 
and  /,  each  of  which 
connects  to  a  separate 
set  of  distributing  bus- 
bars, thus  making  the 
group  selective  in 
switching  between  the 
two  busses. 
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75«  Sectional 
Operation. — Some 
large  alternating-cur- 
rent stations  are  oper- 
ated sectionally — ^that 
is,  with  their  bus-bar 
system  separated  in 
two  or  more  main  divisions — on  accotmt  of  the  danger  of  con- 
necting together  large  amounts  of  generating  capacity,  which,  in 
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the  event  of  a  short  circuit  on  the  bus-bars,  might  cause  enor- 
mous damage,  not  only  to  the  bus  construction  but  to  the  switches 
and  generators.  The  sectionalized  operation  is  effected  by  open- 
ing a  bus-bar  tie-switch  fe,  Fig.  35,  between  two  divisions  of  the 
distributing  busses,  leaving  connected  to  each  division  an  amount 
of  generating  capacity,  which  is  considered  safe.  As  the  most 
favorable  operating  condition  exists  when  all  the  generating 
units  are  in  parallel,  sectionalized  operation  may  effect  econ- 
omy unfavorably;  and,  in  order  to  permit  parallel  operation  of 
sections,  but,  at  the  same  time,  to  limit  the  current  into  one 
section  from  adjacent  sections,  a  preventive  reactance  /  is  some- 
times installed  in  each  phase  conductor  between  the  sections  at 
the  point  where  the  bus-bar  tie-switch  is  open.  The  reactances 
permit  ordinary  amounts  of  energy  to  pass  between  the  sections, 
thus  affording  all  the  advantages  of  parallel  operation;  but 
they  choke  back  any  large  amounts  of  energy  and  thereby 
serve  to  limit  the  extent  of  the  damage  in  case  of  a  short-circuit. 
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PURPOSE  OF  SUBSTATIONS 

!•  Electric  energy  in  large  quantities  can  be  produced  more 
economically  in  one  or  two  large  generating  stations  containing 
large  units  than  in  several  stations  having  smaller  units  and, 
possibly,  having  less  complete  facilities  for  handling  coal  or  for 
obtaining  condensing  water. 

While  economy  in  generation  makes  large  stations  desir- 
able, the  highest  economy  of  distribution  requires  the  shortest 
possible  length  of  distributing  circuit;  a  condition  which,  if 
fulfilled,  would  necessitate  a  large  number  of  distributing  cen- 
ters scattered  throughout  the  load  territory.  Even  in  places 
where  the  load  density  is  great,  it  is  not  always  desirable  to  build 
a  generating  station,  as  facilities  for  obtaining  coal,  removing 
ashes,  and  providing  condensing  water  may  be  so  poor  as  to 
make  the  cost  of  operation  too  great,  or  the  cost  of  land  may 
be  so  high  that  the  interest  on  the  investment  in  real  estate 
would  make  the  station  unprofitable. 

Electric  substations  offer  a  solution  of  the  problem  just  pre- 
sented. They  do  not  require  as  much  space  as  generating  sta- 
tions, and,  when  necessary,  can  be  installed  in  basements  or 
other  places  where  generating  plants  would  be  uneconomical  or 
impossible.  There  is  also  less  difference  in  operating  economy 
between  large  and  small  substations  than  between  large  and 
small  generating  stations.    These  conditions  permit  the  use 
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of  a  larger  number  of  distributing  centers  than  would  be  pos- 
sible with  generating  plants  only,  and  the  distributing  circuits 
are  thus  shortened. 

In  hydroelectric  developments,  the  generating  station  is 
necessarily  located  near  the  water  supply,  which  may  be  situated 
in  a  place  remote  from  the  market  for  the  electric  energy.  Sub- 
stations are  then  necessary  to  a  complete  system  of  distribu- 
tion, because  the  receiving  apparatus  cannot  use  the  energy 
in  the  high-pressure  form  that  is  required  for  long-distance 
transmission. 

2.  In  the  accomplishment  of  its  purpose  a  substation  may 
perform  one  or  more  of  the  following  duties:  The  transforma- 
tion of  alternating  cturent  at  one  voltage  into  alternating  cur- 
rent at  another  voltage;  the  conversion  of  alternating  current 
into  direct  current;  the  change  of  one  alternating  current  into 
another  of  different  frequency. 

3.  Direct-Current  Substations. — For  variable-speed 
power  service,  direct-ciurent  motors  are  usually  selected. 
Direct  current  is  therefore  usually  demanded  in  the  congested 
business  districts  of  large  cities,  in  large  industrial  plants,  and 
in  certain  classes  of  electric-railway  service.  In  such  cases, 
if  the  general  distribution  is  by  alternating  current,  direct- 
current  substations  equipped  with  sjmchronous  converters,  or 
motor-generators,  are  necessary. 

4.  Frequency-Cbanger  Substations. — ^Large  alternat- 
ing-current generators  operate  most  satisfactorily  at  low 
frequency.  Also,  electrical  energy  can  be  transmitted  most 
economically  in  the  form  of  low-frequency  current,  because  the 
reactive  voltage  drop  in  a  conductor  is  directly  oroportional  to 
the  frequency.  Most  long-distance  transmission  of  electricity- 
is  therefore  accomplished  at  a  frequency  of  25  cycles.  How- 
ever, some  consuming  devices,  such  as  certain  types  of  electric 
lamps,  demand  for  proper  operation  a  frequency  as  high  as  60. 
Frequency-changer  substations  are  installed  to  convert  the  low- 
frequency  alternating-current  energy  carried  by  transmission 
lines    into    higher-frequency    alternating-current    energy    for 
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distribution  among  consuming  apparatus.  Conversely,  fre- 
quency-changer substations  can  be  employed  to  convert  60-cycle 
energy  generated  mainly  for  general  lighting  and  power  ser- 
vice into  25-cycle  energy  for  alternating-current  railway  service. 

5*  Transformer  Substations. — ^Transformer  substations 
are  used  to  change  the  high-tension  alternating-current  energy 
of  long-distance  transmission  lines  into  lower-tension  energy  for 
local  distribution  among  general  lighting  and  power  consumers. 
They  are  also  employed  on  alternating-current  railways  to  con- 
vert the  high-tension  energy  from  the  generating  station  into 
energy  at  a  tension  low  enough  for  the  altemating-cxurent 
railway  motors. 

SDnLAKITY  BETWEEN  SUBSTATIONS  AND 
OENERATINO  STATIONS 

6.  A  substation,  being  a  distributing  center,  has,  in  general, 
the  same  kind  of  distributing  apparatus  as  a  generating  station 
of  the  same  capacity  distributing  the  same  service.  It  is  not 
uncommon  to  install  substation  apparatus  in  old  steam  plants 
and  to  connect  the  substation  machinery  to  the  generating 
plant  distributing  busses.  In  general,  the  same  distributing 
busses,  feeders,  circuits,  and  switches  that  are  suitable  for  a 
generating  plant  are  suitable  for  a  substation  supplying  the 
same  amotmt  and  kind  of  load. 

Motor-generator  substations  supplying  either  direct  or  alter- 
nating current  have  electric  connections  of  their  generators, 
switches,  and  busses  very  similar  to  those  of  generators  driven 
by  prime  movers  such  as  steam  engines  or  water  turbines. 

High-tension  bus  and  oil-switch  construction  in  a  substation 
is  usually  similar  to  that  used  in  an  alternating-current  gener- 
ating station  of  equal  capacity  and  voltage,  with  the  exception 
that  it  is  common  practice  to  provide  automatic  overload  pro- 
tection for  substation  apparatus  and  somewhat  less  common 
to  do  so  for  the  generators  in  a  generating  plant.  In  addition, 
overload  relays  are  commonly  used  in  connection  with  the  oil 
switches  on  outgoing  lines  from  generating  stations,  whereas 
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similar  protection  for  the  substation  ends  of  the  lines  is  generally 
not  provided. 

The  substation  differs  from  the  generating  station  in  the  type 
of  apparatus  used  and  in  the  much  larger  kilowatt  capacity  that 
can  be  installed  per  unit  of  floor  space  or  per  imit  of  cubic 
contents. 


DmECT-CURRENT  SUBSTATIONS 


PRELIMINARY  REMARKS 


OiASSIFICATIdN 

7.  The  machinery  employed  in  direct-current  substations 
for  converting  alternating  current  into  direct  current  is  of  three 
kinds;  motor-generator  sets  with  induction  motors,  motor- 
generator  sets  with  synchronous  motors,  and  synchronous  con- 
verters, frequently  called  rotary  converters.  Direct-current 
substations  can  therefore  be  classified,  in  general,  as  motor' 
generator  siAstations  and  synchronous<onverter  substations  They 
can  be  classified  also  as  UghUand-power  substations  and  railway 
substations,  according  to  the  kind  of  service  in  which  they  are 
employed. 

GENERAL    ABBANOEMENT 

8.  In  Fig.  1  is  shown,  roughly,  the  arrangement  of  some 
of  the  eqmpment  of  a  direct-current  railway  substation.  The 
high-tension  transmission  line  wires  enter  the  building  through 
a  protected  opening  in  the  rear  wall.  Connection  to  the  high- 
tension  bus-bars  c  is  made  through  disconnecting  switches  a 
and  choke  coils  b.  From  the  bus-bars,  wires  lead  to  discon- 
necting switches  d,  remotely  controlled  oil  switches  e,  current 
transformers  /,  and  main  transformers  g.  The  synchronous 
converter  i  is  connected  to  the  secondaries  of  the  transfomiers 
through  reactance  coils  h,  which  aid  in  the  regulation  of  the 
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direct-current  voltage  of  the  converter.  The  direct-current 
equipment,  such  as  switchgear,  not  shown,  is  practically  the 
same  as  a  direct-current  railway  generating  station  of  equal 
capacity.  

NX7MBEB    AND    CAPACITY    OF    UNITS 

9.  The  selection  of  substation  units  as  to  size  and  number 
should  be  made  only  after  the  actual  load  is  known  and  the 
prospective    load    is    estimated.    Though    most    substation 


Fig.  1 

machinery  is  fairly  reliable,  any  electric  apparatus  is  subject 
to  various  forms  of  trouble  that  may  temporarily  put  it  out  of 
service,  and  the  best  practice  is,  therefore,  to  install  more  than 
one  unit  in  each  substation.  Better  economy  is  obtained  from 
the  larger  units,  but  when  such  a  machine  is  disabled  a  large 
percentage  of  the  substation  equipment  is  shut  down,  and  for 
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this  reason  also  it  is  usually  considered  good  practice  to  divide 
the  substation  capacity  among  two  or  more  machines. 

It  is  not,  however,  good  practice  to  install  too  large  a  number 
of  machine  units.  If  the  conditions  permit  the  use  of  fairly 
large  imits,  not  more  than  four  to  six  machines  should  be 
installed.  These  will  usually  provide  all  the  flexibility  of  oper- 
ation needed  and  they  will  require  less  attention,  care,  and 
expense  for  maintenance  than  will  a  greater  nimiber  of  machines 
of  the  same  combined  capacity.  Furthermore,  the  smaller 
number  of  machines  will  require  a  smaller  initial  investment  of 
capital. 

However,  in  some  special  locations,  as  in  basements, 
insufficient  headroom  limits  the  size  of  machinery,  and  the 
installation  of  a  considerable  number  of  small  units  becomes 
necessary. 

Similarity  of  units  as  to  size  and  design  is  desirable,  as  it 
reduces  the  nimiber  of  emergency  repair  parts  to  be  kept  on 
hand,  and,  in  some  cases,  reduces  the  size  of  the  stock  of  oper- 
ating supplies,  such  as  brushes. 


MISCELLANEOUS  EQUIPMENT 

10.  Hlgb-Tension  Bus  System. — If  the  voltage  of  the 
high-tension  transmission  system  exceeds  about  5,000,  the  high- 
voltage  conductors  of  the  substation  should  be  kept  suitably 
isolated  from  one  another  by  fireproof  barrier  construction. 
If  the  line  pressure  is  as  high  as  about  30,000  volts,  the  barrier 
or  cellular  construction  is  unnecessary,  as  the  violence  and 
destructive  effects  of  an  arc  between  phase  conductors  is  depen- 
dent on  the  current  available,  and  the  current  is  more  limited 
in  systems  of  such  high-potential. 

The  form  of  arrangement  of  the  high-tension  busses  depends 
somewhat  on  the  ntmiber  of  transmission  lines  and  the  number 
of  substation  machines.  If  there  is  more  than  one  transmis- 
sion line,  and  more  than  one  unit,  flexibility  of  operation  is 
increased  by  dividing  the  high-tension  busses  into  two  sec- 
tions, with  a  bus  tie-switch  between  them,  and  connecting  one 


1 


Digiti 


ized  by  Google 


§  55  ELECTRIC  SUBSTATIONS  7 

line  and  one  or  more  machines  to  each  section.  This  arrange- 
ment permits  one  part  of  the  substation  to  be  shut  down  inde- 
pendently of  the  other  if  any  repairs  are  to  be  made. 

In  general,  the  alternating-current  bus  construction  in  a  sub- 
station can  be  less  elaborately  arranged  than  that  in  a  main 
generating  station,  but  it  must  be  at  least  as  good  and  as  safe  as 
would  be  required  in  an  alternating-current  generating  plant 
equal  in  capacity  and  voltage  to  the  substation. 

11.  Oil  Switches. — In  the  selection  of  oil  switches,  the 
same  rule  as  to  quality  and  safety  applies;  but  it  may  be  neces- 
sary to  choose  a  type  of  switch  that  is  adapted  to  the  special  con- 
ditions at  hand.  For  example,  the  amotmt  of  floor  space  avail- 
able may  be  limited  so  that  a  very  compact  switch  may  be  much 
better  than  one  occupying  more  room. 

In  substations  of  small  or  moderate  size,  transmission  line 
switches  for  use  on  systems  of  15,000  volts  or  lower  may  be 
hand-operated,  remotely  controlled.  Bus  tie-switches  for  con- 
necting the  different  sections  of  the  high-tension  busses,  if 
not  required  to  carry  more  than  about  800  amperes,  may  also 
be  hand-operated,  remotely  controlled. 

12.  Direct-Current  Swltcbgear. — ^A  direct-ctirrent  sub- 
station should  have  a  direct-current  switchboard  and  switch- 
gear  similar  to  that  installed  in  a  generating  plant  of  the  same 
capacity  and  for  the  same  kind  of  service.  The  connections  of 
armature  leads,  armature  switches,  rheostats,  busses,  instru- 
ments, and  feeders  will  be  the  same  as  would  be  required  for 
steam-driven  imits  of  the  same  capacity. 

13.  Motor-Driven  Generators. — The  generators  of 
motor-generator  imits  differ  in  no  important  respects  from  those 
used  in  steam-driven  sets  of  the  same  capacity  and  speed. 
If  the  generator  is  directly  connected  to  the  motor,  both  motor 
and  generator  will  have  the  same  speed;  and  it  is,  of  course, 
necessary  that  the  generator  be  one  adapted  for  operation  at  the 
speed  at  which  the  motor  runs.  If  the  generator  is  belted  to 
the  motor,  the  proper  speed  relations  are  secured  by  selecting 
pulleys  of  proper  sizes.    If  belted  tmits  are  used,  the  best 
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arrangement  is  one  that  gives  a  sufficient  distance  between  the 
pvilleys  to  permit  the  use  of  a  slack  belt. 

14«  Grounding  Belt-Driven  Maclilnes. — ^Belts  run- 
ning at  high  speeds  sometimes  cause  static  electricity  to  be 
generated,  and  if  the  motor  or  generator  is  insulated  from  the 
ground  there  is  danger  of  the  static  charge  ptmcttuing  the 
insulation  of  the  machine;  the  frames  of  belted  machines 
therefore  should  be  groimded.  If  it  is  objectionable  to  have 
them  grounded  through  conductors  having  any  considerable 
canying  capacity,  the  groimd  connection  can  be  of  high  resis- 
tance, such  as  a  lightning-arrester  carbon,  or  the  filament  of 
an  incandescent  lamp  connected  between  the  machine  frame 
and  ground. 

If  some  local  condition  makes  a  complete  metallic  ground 
connection  tmdesirable,  the  intensity  of  the  static  discharge 
can  be  greatly  reduced  by  connecting  to  the  frame  of  the 
machine  a  metallic  conductor  with  a  number  of  sharp  points 
and  placing  near  the  ends  of  the  points,  about  i  or  J  inch  dis- 
tant, a  metallic  conductor  that  is  connected  to  groimd.  The 
size  of  this  groimd  connection  is  not  important  except  as 
its  mechanical  strength  may  be  affected,  and  it  should  be 
installed  in  such  a  position  that  it  will  not  be  liable  to  be 
broken.  It  is,  in  effect,  a  lightning  arrester  in  continuous 
discharge  during  the  operation  of  the  machine.  In  some 
cases,  relief  from  static  stress  is  afforded  by  arranging  a 
grounded  conductor  with  a  number  of  points  projecting  near 
the  moving  belt. 

IS.  Shnnt-Fleld  Ck>nnectlons. — In  general,  it  is  good 
practice  to  install  direct-current  generators  without  switches 
in  their  field  circuits,  the  shunt-field  terminals  being  con- 
nected directly  to  the  armature  leads.  However,  it  is  some- 
times desirable,  as  a  result  of  some  special  condition  or  require- 
ment, to  have  facilities  for  readily  opening  the  shtmt-field 
circuit.  These  special  conditions  are  more  common  to  motor- 
generator  substations  than  to  main  generating  stations.  When- 
ever such  conditions  exist,  a  quick-break  field  switch  and  a  field- 
discharge  resistance  are  used. 
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TRANSFORMERS 


NUMBER,    CONNECTIONS,    AND    CAPACITT 

16«  Niunber. — In  the  selection  of  step-down  transformers 
for  supplying  rotary  converters  or  motors  of  motor-generator 
sets,  there  is  considerable  latitude.  If  the  transmission  is  two- 
phase,  two  single-phase  transformers  are  generally  installed, 
because  if  one  is  disabled  it  may  be  conveniently  replaced  by 
another.  If  a  three-phase  transmission  system  is  used,  three 
single-phase  transformers  or  one  three-phase  transformer  can 
be  used,  depending  on  the  conditions.  Three  single-phase 
transformers  are  more  expensive  and  occupy  more  floor  space 
than  one  three-phase  transformer  of  equivalent  capacity.  If 
one  of  an  installation  of  three  single-phase  transformers  is  dis- 
abled, the  injured  one  can  usually  be  disconnected  and  replaced 
more  quickly,  and  repaired  at  less  expense,  than  can  one  three- 
phase  transformer;  if  they  are  delta  connected,  the  injured 
transformer  can  be  disconnected  in  a  few  minutes  and  a  part 
of  the  load  can  be  carried  on  the  other  two,  operating  on  an 
open  delta,  or  V,  connection.  However,  modem  transformers 
are  so  well  built  and  so  well  protected  by  lightning  arresters, 
choke  coils,  automatic  overload  oil  switches,  and  other  devices 
that  the  most  common  practice  now  is  to  use  one  three-phase 
transformer  rather  than  three  single-phase  transformers. 

17.  Coimectlons. — In  the  use  of  either  of  the  two  forms 
of  three-phase  transformers,  the  windings  may  be  connected 
either  star  or  delta.  Star-connected  primaries  are  generally 
used  for  potentials  higher  than  about  10,000  or  15,000  volts. 
When  transformers  are  purchased,  the  specifications  are  usually 
prepared  with  particular  reference  to  the  form  of  connection 
to  be  used;  but,  in  many  cases,  transformers  already  on  hand, 
sometimes  those  used  in  connection  with  some  other  installa- 
tion, must  be  adapted  for  use.  In  such  a  case,  the  choice  as  to 
form  of  connection  is  generally  limited. 

18.  Capacity. — Step-down  transformers  for  use  with 
induction  motors  must  be  of  sufficient  size  to  carry  the  load  at 
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the  power  factor  that  the  motor  will  have  when  fully  loaded. 
The  manufacturer  is  generally  able  to  state  with  a  reasonable 
degree  of  exactness  what  the  power  factor  of  a  motor  will  be 
at  various  loads.  If,  then,  the  output  in  kilowatts  is  divided 
by  the  product  of  the  motor  efficiency  and  the  power  factor, 
the  result  will  be  the  input  in  kilovolt-amperes,  and  the  trans- 
former should  be  rated  for  at  least  as  much  as  this. 


COOLINO    METHODS 

19»  '  Oil-Cooled  Transformers. — ^Transformers  can  be 
selected  from  three  general  types;  oil-cooled,  air-blast  cooled, 
and  oil-and-water  cooled.  Oil-cooled  transformers  are  quite 
satisfactory  in  capacities  as  great  as  about  1,500  kilowatts, 
and  air-blast  transformers  of  4,500  kilowatts  capacity  are  suc- 
cessful ;  in  larger  capacities  oil-and-water  cooUng  is  more  general. 

Oil-cooled  transformers  require  the  installation  of  no  auxiliary 
apparatus  for  cooling.  They  should  be  so  situated  that  the 
circulation  of  air  arotmd  them  will  be  good,  and  care  should  be 
taken,  as  far  as  possible,  that  the  air  is  not  first  heated  by  the 
substation  machines.  Only  about  12  per  cent,  of  the  total 
heat  liberated  from  apparatus  in  the  substation  comes  from  the 
transformers,  and  a  considerable  amotmt  of  heat  is  thrown 
off  from  the  converting  machines  themselves.  For  this  reason, 
it  is  desirable  that  the  locations  of  windows,  transformers,  and 
machines  be  such  as  to  provide  a  good  circulation  without 
sending  heated  air  arotmd  the  transformer  cases. 

20.  Blower  System. — ^Air-blast-cooled  transformers  are 
comparatively  inexpensive  to  purchase,  but  require  the  installa- 
tion and  operation  of  a  blower  fan  for  supplying  the  cooling  air. 
The  fans  used  are  generally  of  the  blower  type,  that  is,  fans 
capable  of  delivering  a  moderate  amount  of  air  at  comparatively 
low  pressure,  such  as  ^  to  1  ounce  per  square  inch. 

If  there  are  a  number  of  substation  units,  one  blower  set  may 
supply  air  for  the  transformers  of  all  of  them;  but  duplicate 
sets  are  generally  installed,  so  that  the  breakdown  of  one  will 
not  affect  the  entire  plant.    The  tmit  system  goes  to  the  other 
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extreme  of  providing  a  separate  blower  fan  and  air  chamber 
for  the  transformers  of  each  unit.  When  this  is  done  the  blower 
motor  is  usually  left  switched  permanently  to  the  leads  of  the 
converting  unit  and  it  starts  and  stops  with  the  main  machine. 

21«  Blower  Drive. — The  fans  for  air-blast  cooling  of  sub- 
station transformers  may  be,  and  are  in  some  cases,  driven  by 
induction  motors  supplied  with  current  directly  from  the  line; 
but  motors  of  such  small  capacity  are  generally  made  for  low 
voltage,  and  therefore  it  is  better  and  more  usual  practice  to 
install  step-down  transformers  for  supplying  all  of  the  sub- 
station auxiliaries  and  to  use  220-  or  230-volt  motors. 

The  size  of  the  motor  used  for  driving  the  fans  is  such  that 
it  will  operate  at  almost  full-rated  load  when  the  fan  is  furnish- 
ing air  for  all  of  the  transformers  it  will  ever  have  to  supply. 
In  practice,  it  is  found  that  a  5-horsepower  or  7J-horsepower 
motor  is  large  enough  to  drive  fans  for  supplying  the  trans- 
former eqmpment  for  two  500-kilowatt  imits,  and  a  20-horse- 
power  motor  is  sufficient  for  use  in  connection  with  four 
1,000-kilowatt  tmits. 

In  some  small  installations,  especially  where  there  is  but  one 
imit,  it  may  be  possible  to  omit  the  special  blower  motor  alto- 
gether and  to  drive  the  air-blast  fan  belted  from  a  pulley  on  an 
extension  of  the  shaft  of  the  motcpr-generator  or  rotary  converter. 
This  arrangement  has  the  advantage  of  always  operating  when 
the  tmit  is  in  operation,  reducing  expense,  and  leaving  out  one 
piece  of  apparatus,  the  disability  of  which  might  affect  the  safe 
operation  of  the  entire  unit. 

22.  Air  Supply, — The  air  for  cooling  substation  trans- 
formers is  preferably  taken  from  outdoors  through  an  opening 
remote  from  the  place  where  the  heated  air  is  discharged  from 
the  operating  room. 

Air  taken  from  a  point  near  the  groimd  may  carry  consider- 
able dust,  which  may  partially  choke  the  air  passages  in  the 
transformers  dnd  thus  produce  a  condition  that  causes  over- 
heating. Various  methods  are  used  to  separate  the  dust  from 
the  air,  but  in  any  given  case  only  a  limited  number  of  these 
can  be  applied. 
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Air  taken  from  a  stack  reaching  above  the  roof  of  the  build- 
ing will  probably  be  fairly  free  from  dust.  If  a  stack  cannot 
be  used,  a  large  chamber,  or  passage,  between  the  fan  discharge 
and  the  transformers  is  very  valuable.  A  large  passage  causes 
a  great  reduction  in  the  velocity  of  the  air,  so  that  much  of 
the  dust,  at  least  the  heaviest  part,  settles  to  the  floor,  from 
which  it  can  be  removed  readily. 

When  neither  of  these  methods  is  available,  some  form  of  air- 
cleaning  device  is  sometimes  used.  In  Fig.  2  is  shown  an 
arrangement  that  offers  a  large  amount  of  screening  surface 

for  a  given  cross-section 


c^i'iinf  of  air  passage.    The 

screens  a,  of  copper  or 
bronze  wire,  are  placed 
diagonally  between  hori- 
zontal sheet-iron  plates  &. 
The  screens,  though  effec- 
tive in  removing  the  large 
dust  particles,  admit  the 
very  fine  dust,  which  is 
really  the  most  objec- 
tionable in  a  transformer. 
A  more  effective  screen 
is  one  made  of  doth, 
either  cotton  or  woolen, 
but  preferably  of  woolen. 
A  doth  screen  can  be 
made  as  thick  as  desired, 
arid  any  required  amotmt  of  screening  action  secured.  Air- 
blaist  equipment  used  in  connection  with  screens  must  be 
relativdy  large  in  capadty  to  compensate  for  the  reduction  in 
air  pressure  caused  by  the  screens. 

23.  on  -  and  -  Water  -  Cooled  Transformers. — ^Trans- 
formers that  are  oil-and-water  cooled  require  a  continuous  sup- 
ply of  cold  water  during  operation.  If  there  is  available  a 
supply  from  a  system  of  waterworks  having  a  head  at  least 
slightly  higher  than  the  tops  of  the  transformers,  the  cooling 


::x 

"■"^ 

bs 

*•-.. 

*:>- 

^... 

** 

■*-^. 

•::x 

**!:>^ 

^-.^ 

2;>. 

*--^ 

:>- 

<::.^ 

^ 

■"-^^^ 

*!!>• 

Digiti 


ized  by  Google 


§  55  ELECTRIC  SUBSTATIONS  13 

coils  can  be  connected  thereto,  and  no  further  auxiliary  equip- 
ment will  be  needed.  If  no  such  water  supply  is  available  or 
convenient,  it  may  be  necessary  to  take  water  from  a  well, 
river,  or  lake  and  to  circulate  it  through  the  cooling  coils  by 
means  of  a  small  pump.  One  ptunp,  supplied  with  power  either 
from  a  separate  motor  or  from  an  extension  of  the  shaft  of  a 
converting  imit,  can  be  used  for  several  banks  of  transformers. 
The  required  capacity  of  the  pirnip  will  depend  on  the  amotmt 
of  water  to  be  circulated  and  also  on  the  distance  through  which 
the  water  must  be  lifted.  Unless  the  lift  is  considerable,  the 
pump  can  be  quite  small,  even  for  a  large  installation  of  trans- 
formers, because  a  small  amount  of  water,  with  its  high  specific 
heat,  will  cool  a  comparatively  large  amotmt  of  oil. 

Water  containing  a  great  deal  of  scale-forming,  or  pipe- 
clogging,  deposit  will  soon  form  a  thick  coating  inside  the  cool- 
ing coils,  not  only  limiting  the  flow  of  water  but  reducing  the 
rate  of  flow  of  heat  from  the  oil  to  the  water.  For  this  reason, 
the  character  of  the  water  supply  is  very  important  when  water- 
cooled  transformers  are  to  be  used. 


CHOICE  BETWEEN  SYNCHRONOUS  CONVERTERS 
AND  MOTOR-OENERATORS 

24.  The  choice  between  synchronous  converters  and  motor- 
generators  for  a  direct-ciurent  substation  is  dependent  on  cost, 
economy,  grade  of  service  required,  and  the  kind  of  alternating- 
current  supply  available. 

For  several  years  after  sjmchronous  converters  came  into 
general  use,  60-cycle  converters  were  considered  undesirable 
because  of  high  commutator  speeds  and  the  liability  to  flash 
over  between  adjacent  brush-holders.  Improvements  in  both 
electrical  and  mechanical  design  have  practically  removed 
these  objections,  and  converters  operating  on  the  higher  fre- 
quency are  successful  even  under  the  difficult  conditions  met 
with  in  direct-current  railway  work  at  high  voltage. 

Any  variation  in  the  alternating-current  voltage  supplied 
to  a  sjmchronous  converter  at  once  produces  a  variation  in  the 
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direct-current  voltage;  but  as  long  as  the  voltage  of  the  supply 
is  maintained  the  machine  is  not  affected  by  moderate  changes 
in  frequency.  Therefore,  if  the  alternating-current  supply  has 
a  constant  frequency  but  a  fluctuating  voltage,  motor-gener- 
ators give  better  service  than  sjmchronous  converters  when 
close  pressure  regulation  of  the  direct-current  output  is  required. 
If  the  voltage  is  well  maintained  and  the  frequency  is  variable, 
the  sjmchronous  converter  is  better.  In  railway  service,  and 
in  most  factories,  very  close  pressure  regulation  is  not  required 
and  synchronous  converters  are  usually  employed.  Synchro- 
nous converters,  including  the  necessary  transformers,  are  gen- 
erally less  expensive  in  first  cost  and  more  economical  in  oper- 
ation than  motor-generators.  Such  converters  are,  therefore, 
in  quite  general  use,  even  in  places  where  motor-generators 
would  give  better  pressure  regulation. 

26»  A  sjnichronous  converter  that  normally  transforms 
alternating  current  into  direct  is  said  to  be  inoerted  when  it 
receives  energy  from  the  direct-current  bus-bars  and  tends  to 
supply  alternating-current  energy  to  the  line.  An  objection 
to  the  use  of  synchronous  converters  is  their  tendency  to  speed 
up  dangerously  when  inverting  into  inductive  loads  at  time  of 
interruption  to  the  supply  from  the  alternator.  Such  machines 
are  therefore  equipped  with  over-speed  limit  devices.  The 
tendency  to  high  speed  occurs  on  failure  of  alternating-current 
supply  when  the  converter  is  feeding  a  direct-current  sjrstem 
having  other  sources  of  supply.  The  converter  then  becomes 
inverted  and  will  speed  up  if  the  field  is  weak  or  is  demag- 
netized by  lagging  alternating  current. 

Induction-motor-driven  generators  are  the  simplest  to  install 
and  the  simplest  to  operate,  but  are  somewhat  objectionable 
on  account  of  their  effect  on  the  power  factor. 

Synchronous-motor-driven  generators  are  the  most  expensive 
of  the  three  classes  of  apparatus  considered,  and  their  oper- 
ation is  a  little  more  complicated  than  that  of  induction-motor- 
driven  sets.  Synchronous  motor-generators  can  be  operated 
with  a  good  power  factor  and  are  useful  for  neutralizing  the 
lagging  power  factor  produced  by  induction  motors. 
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MOTOR-GENERATOR  SUBSTATIONS  WITH 
INDUCTION  MOTORS 


GENERAL    REMARKS 

26.  As  the  induction-motor  installation  is  practically  the 
same  for  all  the  different  classes  of  substations  using  induction- 
motor-driven  generators,  the  induction-motor  end  of  the  sub- 
station will  be  treated  here  without  special  reference  to  the 
generator  end. 

27.  The  capacity  of  the  motor  selected  for  driving  a  gener- 
ator must  be  such  that  it  will  not  be  overloaded  when  the  gener- 
ator is  supplying  its  full-rated  load.  The  capacity  of  the  motor 
must,  therefore,  be  greater  than  that  of  the  generator  by  an 
amoimt  equal  to  the  losses  of  the  generator.  Most  manufac- 
turers in  designing  motor-generators  generally  use  a  motor  that 
slightly  exceeds  this  requirement. 

28.  Induction  motors  are  designed  for  use  on  circuits  of 
voltages  as  high  as  6,600.  Therefore,  if  the  transmission  volt- 
age is  not  higher  than  6,600,  general  practice  is  to  provide 
induction  motors  that  will  operate  on  full  line  pressure.  If  the 
line  pressure  is  higher,  step-down  transformers  are  almost 
always  used.  

STARTING    METTHODS 

29.  Starting  From  Transfonners. — For  starting  induc- 
tion motors  of  a  size  suitable  for  the  driving  machine  of  a  motor- 
generator,  two  means  are  available.  When  step-down  trans- 
formers are  used,  the  least  expensive  form  of  starting  equip- 
ment is  made  by  connecting  double-throw  switches  to  low- 
voltage  taps  taken  from  the  secondary  windings  of  the  trans- 
formers. Ordinarily,  an  induction  motor  starts  very  well  when 
supplied  with  half  its  normal  running  voltage,  and  one  double- 
throw  switch  connecting  the  motor  primary  first  to  a  half- 
voltage  tap  and  then  to  the  full  secondary  pressure  terminal 
is  all  that  is  required.    Such  a  connection  is  shown  in  Fig.  3, 
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in  which  the  arrangement  for  a  four-wire 
two-phase  system  is  shown  in  (a),  for 
a  three-wire,  star-connected,  three-phase 
system  in  (6),  and  for  a  three-phase  delta 
connection  in  (c).  In  each  diagram  the 
secondaries  of  the  step-down  transformers 
are  represented  at  a;  the  stator,  or  pri- 
mary, windings  of  the  induction  motor 
at  b;  the  starting  position  of  the  motor 
switch  at  c ;  and  the  running  position  at  d. 


30.     Other    Starting   Devices. — U 

an  induction  motor  is  to  operate  on  full 
line  pressure  without  transformers  in  cir- 
cuit, a  starting  device  must  be  provided. 
This  device  usually  consists  of  an  oil- 
switch  or  a  circuit-breaker  and  two  or 
more  autotransformers.  The  switching 
device  must  have  the  requisite  number 
of  contact  positions  and  it  may  be 
mounted  with  or  separate  from  the  auto- 
transformers. Separate  mounting  is  the 
practice  with  large  starters.  When  the 
parts  are  assembled  as  one  imit  it  is 
variously  called  an  autostarter  or  a  start- 
ing compensator,  according  to  its  maker. 
The  switch  serves  to  change  connections 
so  as  to  obtain  reduced  voltage  for  start- 
ing and  full  voltage  for  running.  Auto- 
matic protective  devices  are  usually  pro- 
vided for  overloads  and  very  often  for 
both  overloads  and  low  voltage.  In  some 
cases  the  switches  are  simply  oil  circuit- 
breakers  so  interlocked  that  they  can  be 
closed  only  in  the  right  order. 

One  starting  device  can  be  so  connected 
as  to  be  used  for  starting  any  one  of  a 
considerable    number   of   motors.    The 
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autotransformer  a,  Fig.  4,  is  connected  through  an  oil  switch  6 
to  the  running  busses,  which  are  supplied  with  full  line  pres- 
sure, and  the  low-voltage  terminals  are  connected  to  special 
starting  busses  to  which  any  of  the  motors  can  be  connected 
through  their  individual  starting  switches.  The  two  single- 
throw  switches  c  connected  to  the  motor  leads  can  be  replaced 
by  one  double-throw  switch  d,  in  order  to  save  expense;  but 

filunmrr^  Bosses 


rr 


rr 


Fig.  4 
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two  single-throw  switches  made  interlocking,  either  mechan- 
ically or  electrically,  are  safer,  especially  in  connection  with 
voltages  greater  than  about  2,200. 


INSTRUMENT   EQUIPMENT 

31.  Potential  Transformers, — ^For  supplying  pressure 
to  alternating-current  voltmeters,  wattmeters,  and  watt-hour 
meters  in  substations,  potential  transformers  are  generally 
used.  One  pressure  transformer,  if  of  sufficient  capacity,  can  be 
used  for  supplying  instruments  for  several  machines  operated 
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from  the  same  alternating-current  busses.  When  this  is  done, 
it  is  common  practice  to  run  a  small  pressure-wire  bus,  of  about 
No.  12  or  No.  14  B.  &  S.  gauge  wire,  along  the  rear  of  the 
switchboard  panels  of  these  machines.  The  pressure  bus  is 
suppUed  from  the  transformer  and  taps  for  the  instruments  are 
taken  off  wherever  required. 

Pressures  for  wattmeters  must  not  be  taken  from  potential 
transformers  connected  to  a  high-tension  bus  other  than  that 
which  supplies  current  for  the  current  coils  of  the  wattmeter 
if  there  is  any  possibility  of  the  potentials  on  the  two  busses 

beii^  out  of  phase 
with  each  other,  as  the 
wattmeter  indications 
will  then  be  tmreliable. 
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Fig.  6 


32.    Current 
Transformers. 

For  the  operation  of 
ammeters,  wattme- 
ters, and  overload  re- 
lays, current  trans- 
formers are  used  in 
the  leads  from  the 
busses  to  the  induc- 
tion motors  of  sub- 
station motor-genera- 
tor sets.  In  order  that 
they  may  protect  as  much  as  possible  of  the  apparatus,  current 
transformers  should  be  in  the  circuit  as  near  as  possible  to  the 
machine  oil  switch  and  on  the  machine  side  of  it. 

The  current  transformers  should  be  so  chosen  that  they 
will  not  be  overloaded  when  the  motor-generator  is  overloaded 
by  50  per  cent,  of  its  normal  rating.  Modem  instruments 
and  relays  are  usually  made  with  5-ampere  windings,  and  the 
current  transformer  ratio  should  be  such  as  to  give  the  proper 
secondary  current  values  for  these  devices.  Thus,  if  the  nor- 
mal rating  of  the  motor  is  60  amperes,  the  primary  of  the  current 
transformer  should  have  a  capacity  of  90  amperes.     Its  ratio 
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of  transformation,  to  give  a  5-ampere  secondary  current,  would 
be90:5,  or  18:1. 


33.  Ammeter,  Wattmeter,  and  Overload-Relay  Con- 
neetlons* — ^The  use  of  an  ammeter  in  tiie  motor  circuit  of  a 
motor-generator  is,  of  course,  an  item  of  some  expense,  but, 
though  the  approximate  ctmrent  input  can  be  figured  from  the 
output,  the  calculation  is  so  long  that  it  is  generally  not  done, 
and  the  machine  may  become  overloaded  in  current  before  the 
operator  becomes  aware     i  i  i 

of  it,  especially  if  there     I  I  I 

is   a   reduction   of   line  /  gT 

voltage.  For  this  reason, 
an  alternating-current 
ammeter  should  always 
be  installed  in  each  motor 
circuit,  although,  in  prac- 
tice, they  are  generally 
omitted  from  the  motor 
leads  of  small  units  and 
are  only  occasionally  in- 
stalled in  connection  with 
large  units. 

In  Figs.  5  and  6  are 
shown  the  connections  of 
current  transformers  a, 
overload  relays  fc,  am- 
meters c,  and  wattme- 
ters d  on  two-phase  four- 
wire  and  three-phase  three-wire  installations,  respectively.  In 
case  of  overload,  the  relays  complete  the  circuit  from  the  oper- 
ating bus  through  the  trip  coil  e  of  the  oil  switch  /,  which  is  there- 
upon opened,  protecting  the  motor  windings  g.  The  potential 
circuits  of  the  wattmeters  are  connected  to  the  secondaries  of 
potential  transformers  h.  An  artificial  neutral  is  secured  on  the 
three-phase  system,  Fig.  6,  by  means  of  a  Y  box  t,  in  order  that 
the  wattmeter  may  receive  the  star  pressure  of  the  system.  The 
current  connections  are  made  through  the  ground,  as  indicated. 
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When  a  three-phase  transmission  system  is  supplied  by  delta- 
connected  generators  or  transformers,  the  use  of  only  two 
current  transformers  and  two  relays  is  sometimes  permissible, 
but  one  current  transformer  and  one  relay  on  each  phase 

is  better.  When  a  three-phase 
transmission  system  is  supplied 
from  star-connected  apparatus 
with  a  grounded  neutral,  each 
phase  should  be  equipped  with  a 
current  transformer  and  a  relay. 


:3r 
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34.  Watt-Hour  Meter  Ck)n- 
nections. — ^The  kilowatt-hour 
input  to  the  motor  generators  of 
substations  can  be  satisfactorily 
measured  by  a  single-phase  integrating  wattmeter,  or  watt- 
hour  meter. 

If  the  transmission  is  two-phase,  a  watt-hour  meter  installed 
in  one  phase  is  sufficient.  The  instrument  will  record  only  one- 
half  the  energy  input,  but  the  totals  can  always  be  correctly 
determined  by  multiplying  the  instrument  readings  by  two. 

If  the  transmission  is  three-phase,  current  connections /rom 
one  phase  and  star  pressure  connections  from  the  same  phase 
supply  the  single-phase  in- 
strument. If  three  poten- 
tial transformers  are  used 
for  suppljang  pressure  for 
the  meter,  they  should  be 
connected  Y,  as  shown  in 
Fig.  7,  in  which  a  is  a  poten- 
tial transformer,  b  a  current 
transformer,  and  c  the  wind- 
ings of  the  watt-hour  meter. 
In  this  case  the  actual  en- 
ergy input  will  be  three  times  that  shown  by  the  watt-hour  meter. 
In  order  to  save  expense  by  using  two  pressure  transformers 
instead  of  three,  a  pressure  in  phase  with  star  pressure  but 
having  a  value  one  and  one-half  times  as  great  is  sometimes 
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used.  This  is  secured  by  connecting  two  potential  transform- 
ers open-delta,  or  V,  and  connecting  the  instrument  circuit 
from  the  outside  secondary  terminal  of  one  to  the  middle  of 
the  secondary  winding  of  the  other,  as  shown  in  Fig.  8,  which  is 
lettered  to  correspond  with  Fig.  7. 


Bars 
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Fig.  9 


Watt-hour  meter  connections  can  also  be  made  as  in  Figs.  5 
and  6  and  watt-meter  connections  as  in  Figs.  7  and  8.  Poly- 
phase instnmients  connected  as  described  in  Watt-Hour  Meters 
can  also  be  used. 
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WIRING    DIAGRAMS 


36.  In  Fig.  9  is  shown  a  wiring  diagram  of  a  three-phase 
induction  motor  connected  to  step-down  transformers  and  in 
Fig.  10,  a  diagram  of  a  three-phase  motor  operating  on  full 
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line  potential.  These  two  illustrations  show  the  relations  to 
one  another  of  the  details  given  m  Figs.  3  to  6;  in  Figs.  9  and  10, 
no  wattmeter  nor  watt-hour  meter  connections  are  included. 
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MOTOR-GENERATOR  SUBSTATIONS  WITH 
SYNCHRONOUS  MOTORS 


^  MISCELLANEOUS    EQUIPMENT 

36.  Synchronous  motors,  because  of  their  ability  to  improve 
the  power  factor  of  the  system,  are  sometimes  preferred  to 
induction  motors  for  driving  substation  generators.  They  are 
manufactured  for  operation  on  circuits  with  pressures  con- 
siderably higher  than  generally  applied  directly  to  induction 
motors. 

In  the  selection  of  transformers  and  cooling  apparatus  the 
same  considerations  apply  to  synchronous-motor  installations 
as  to  induction-motor  substations;  but,  as  the  power  factor 
of  a  sjmchronous  motor  can  be  made  100  per  cent.,  the  trans- 
formers may  have  a  somewhat  smaller  rating  in  kilovolt- 
amperes  than  those  to  be  used  with  induction  motors. 

The  high-tension  bus  and  oil-switch  equipment  for  a  sjm- 
chronous-motor-generator  substation  is  the  same  as  for  an 
induction-motor  installation,  as  are  also  the  ctmrent  trans- 
formers, potential  transformers,  and  overload  relays.  In 
addition  to  the  measuring  instruments  mentioned  in  connection 
with  induction-motor  installations,  a  power-factor  indicator 
may  be  used  in  connection  with  synchronous  motors,  although 
its  use  is  a  convenience  and  not  a  necessity;  an  altemating- 
ciurent  ammeter  in  one  phase  is  more  needed. 


METHODS    OF    FIELD    EXCITATION 

37.  Excitation  Prom  Main  Generators. — Direct  cur- 
rent for  exciting  the  field  of  a  sjmchronous  motor  in  a  sub- 
station may  be  supplied  from  a  separate  exciter  unit  or  from 
the  generator  of  the  motor-generator  set,  provided  that  the 
generator  is  compound  wound  and  delivers  direct  ctmrent  at  the 
proper  pressure  for  excitation. 

When  the  second  method  is  used,  the  exciting  circuit  may  be 
taken  either  from  the  load  busses  or  from  the  machine  leads. 
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If  the  generators  are  protected  by  circuit-breakers  in  the  arma- 
ture leads,  the  exciting  circuit  is  not  taken  from  the  load  busses, 
because  the  opening  of  all  the  circuit-breakers  would  cut  off 
the  supply  to  the  direct-current  busses  and  thereby  "kill" 
all  the  fields.  As  a  result,  the  synchronous  motors  would  likely 
fall  out  of  phase  and  automatically  open  the  oil  switches,  thus 
shutting  down  the  substation.  For  this  reason,  each  motor 
should  have  its  field  leads  connected  to  the  armature  leads  of  the 
generator  that  it  drives,  and  the  connection  should  be  made  on 
the   armature   side   of   the  circuit-breakers   and  knife-blade 

switches  as  shown  in  Fig.  11, 
which  is  a  simple  diagram  of  the 
connections  of  a  railway  unit. 


•^-Bus 


38.  Excitation  From 
Separate  Unit. — If  the  main 
direct-current  generator  is 
shunt  wound,  there  is  some 
danger  in  using  current  from 
it  for  excitation  purposes,  as 
a  severe  short  circuit  on  the 
direct-current  circuit  may 
cause  the  generator  to  lose  its 
voltage.  This  would  result  in 
killing  the  fields  of  the  syn- 
chronous motor,  thereby  caus- 
ing the  motor  to  fall  out  of 
phase.  In  such  cases  a  special 
exciter  set  is  safer  and  is  gener- 
ally used,  though  excitation  by  a  special  generator  is  less 
reliable  than  from  the  main  generator  leads  of  a  compound- 
wound  generator. 

Special  exciters,  when  used,  should  be  installed  in  duplicate, 
as  an  accident  to  one  cannot  then  result  in  shutting  down  the 
entire  substation.  On  account  of  the  expense  of  separate 
exciters,  it  is  the  common  practice  to  install  exciters  with 
enough  capacity  to  supply  the  fields  of  several  or  all  of  the 
main  units  and  to  connect  them  to  special  exciting  busses. 
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Generators  few:  exciting  purposes  need  not  be  compound 
wound,  as  the  load  on  the  exciter  generators  is  not  changed 
except  by  the  operator,  who  is  then  at  the  switchboard  and  at 
hand  to  regulate  the  pressure  of  the  exciting  busses.  A  separate 
exciter  generator  may  be  driven  either  from  an  extension  of 
the  shaft  of  the  motor-generator  or  by  a  special  induction 
motor.  

STABTINO 

39.  Some  syncnronous-motor-driven  generator  sets  sup- 
plying direct  current  are  used  in  service  where  it  is  particularly 
undesirable  to  use  alternating  current  for  starting,  on  account 


of  the  fluctuations  in  line  pressure  resulting  from  the  heavy 
flow  of  starting  current.  These  can  be  provided  with  equip- 
ment for  starting  with  direct  current,  if  it  is  always  available. 
In  this  case  the  generator  becomes,  for  starting  purposes,  a 
direct-current  motor,  and  the  synchronous  motor  acts  as  an 
alternating-current  generator  imtil  synchronized  Ho  the  alter- 
nating-current supply.  This  requires  the  installation  of  a 
starting  resistance  and  starting  switch  a,  Fig.  12,  in  the  armature 
circuit  of  the  direct-current  generator.  If  the  direct-current 
generator  is  compoimd  wound,  a  reversing  switch  b  is  generally 
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provided  for  reversing  the  series  field,  in  order  to  permit  the 
operation  of  the  machine  as  an  accumulatively  wound  motor. 
To  permit  excitation  from  the  machine  leads  during  normal 
operation,  but  to  provide  means  for  excitation  from  the  busses 
while  starting,  a  split  switch  c  is  inserted  in  the  shimt-field 
circuit.  After  the  machine  is  started  and  the  starting  resis- 
tance is  entirely  out  of  circuit,  the  split-blade  switch  is  used  to 
transfer  the  field  circuit  from  the  busses  to  the  machine  leads. 
The  transfer  is  accomplished  without  opening  the  field  circuit. 
The  altemating-ciurent  circuits  are  not  shown  in  Fig.  12. 
Direct-current  starting,  however,  does  not  require  any  special 
alternating-current  connections  except  that  a  potential  trans- 
former must  be  connected  to  one  phase  of  the  synchronous- 
motor  armature  leads  to  provide  pressure  for  a  synchronizing 
circuit.  

SYNCHKONOUS-CONVERTER  SUBSTATIONS  FOR 
RAILWAYS 


TYPES   AND   CAPACITIES   OF   CONVBR1EBS 

40.  Nearly  all  synchronous  converters  used  in  railway 
service  are  compound  wound,  in  order  that  the  voltage  regula- 
tion may  be  partly  automatic;  because  the  load  of  a  railway 
substation  is  extremely  variable,  and  continuous  attention  at 
the  switchboard  would  be  required  if  shimt-wound  machines 
were  used.  A  compound-woimd  synchronous  converter,  if 
provided  with  a  series  reactance  in  the  transformer  secondary 
circuit,  automatically  regulates  the  potential  for  some  distant 
point  on  the  railway  system. 

In  some  cases  where  storage  batteries  are  floated  in  parallel 
with  synchronous  converters,  the  compoimd  winding  has  either 
been  cut  out  of  circuit,  or  shunted  with  a  heavy  copper  bar, 
in  order  to  avoid  the  imsatisfactory  features  of  regulation  that 
result  from  operating  in  parallel  two  soim^es  of  electric  energy 
with  unlike  characteristics.  The  operation  of  shtmt-wound 
synchronous  converters  in  railway  service  results  in  poor  pres- 
sure regulation  on  the  feeder  system  and  is  seldom  resorted  to. 
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If  the  service  is  such  as  to  require  that  a  battery  be  floated  on 
the  busses,  a  differentially  compounded  booster  is  sometimes 
used  in  series  with  the  battery,  and  the  battery,  with  its 
booster,  is  operated  in  parallel  with  the  compound-wound 
rotary  converter. 

41.  The  capacities  of  the  substation  units,  if  there  are 
more  than  one,  are  generally  so  chosen  that  the  operation  of 
a  large  machine  for  a  very  small  load  will  not  be  necessary. 
It  is,  of  course,  desirable  to  have  more  than  one  tmit,  because 
any  disability  that  puts  the  only  machine  in  a  substation  out 
of  service  results  in  interrupting  the  entire  supply  of  the  sub- 
station. 

HIOH-TBNSION    CONSTBUCTION 

42.  The  high-tension  bus  and  oil-switch  construction  of 
synchronous-converter  substations  is  made  as  simple  and 
accessible  as  possible.  If  the  transmission  line  voltage  is 
higher  than  about  5,500  and  lower  than  about  30,000,  the 
cellular  and  barrier  type  of  construction  is  used  for  the  proper 
separation  of  the  phase  conductors  after  they  have  entered 
the  building,  or  been  brought  out  of  the  terminal  bell  of  the 
transmission  line  cable. 


MAIN    AI/TERNATINO-CUBBENT   CONNECTIONS 

43.  Connection  Diagram  of  Six-Phase  Synclironous 
Converter. — In  Fig.  13  is  shown  a  wiring  diagram  of  a  six- 
phase  sjmchronous  converter  that  receives  starting  current 
from  sectional  taps  on  the  secondary  windings  of  the  step-down 
transformers.  The  primaries  of  the  transformers  are  connected 
Y;  the  secondaries  are  diametrically  connected  to  the  arma- 
ture. The  wiring  of  the  converter  is  such  that  opposite  ter- 
minals of  each  diametrical  circtiit  connect  to  points  in  the 
armature  winding  180  electrical  space-degrees  apart.  Because 
of  the  Y  connection,  only  .577  of  the  full  transmission-line 
pressure  is  impressed  on  the  primary  terminals  of  each  trans- 
former— a  desirable  condition  when  the  line  voltage  is  20,000  or 
greater. 
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In  order  that  the  compound  winding  of  the  synchronous 
converter  may  be  effective  in  performing  automatic  regulation 
of  the  direct-current  pressure,  a  reactance  is  inserted  in  series 

with  the  secondary  leads  be 

tween  the  transformer  ter- 
minals and  the  collector  rings. 

These  reactances  may  be  self- 
cooling,  but  are  generally  sup- 
plied with  air  from  the  air-blast 
system  if  air-cooled  transform- 
ers are  used  in  the  installation. 
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44.  Connection  Diagram 
of  Three-Pliase  Syncliro- 
nous  Converter. — On  ac- 
count of  the  superior  efficiency 
of  six-phase  synchronous  con- 
verters, the  three-phase  type  is 
not  very  desirable.  Fig.  14 
shows  the  general  arrangement 
of  the  wiring  of  the  alternating- 
current  side  of  a  three-phase 
synchronous  converter  with 
delta-connected  transformer 
secondaries.  With  the  excep- 
tion of  the  secondary  connec- 
tions, the  arrangement  is  es- 
sentially the  same  as  that  of  the  six-phase  unit.  The  direct- 
current  connections  of  the  two  types  of  units  are  identical. 


^  Cottector  /ffftfs 
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STABTINO    SYSTEMS 

45.  The  alternating-current  starting-switch  connections  of 
the  six-phase  synchronous  converter.  Fig.  13,  are  so  arranged 
that  either  one-third  or  two-thirds  of  normal  secondary  voltage 
can  be  obtained  for  starting  and  accelerating  the  armature  and 
full  voltage  for  regular  operation.  Switches  for  starting  large 
units  are  provided  with  carbon-break  contacts. 
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46.  Some  sjmchronous  converters  are  provided  with  induc- 
tion motors  for  starting  and  accelerating  the  armatures.  The 
induction  motors  may  be  supplied  either  from  the  secondaries 
of  the  transformers  supplying  the  converters,  or  from  a  special 
bank  of  transformers  used  for  supplying  starting  currents  for 
all  the  units. 

47.  In  some  installations,  each  s3mchronous  converter  is 
provided  with  a  starting-box  resistance,  as  shown  in  Fig.  13,  con- 
nected in  the  direct-current  leads  so  that 
the  converter  can  be  started  with  direct 
current  like  a  direct-current  motor.  Fluc- 
tuations of  direct-current  voltage  cause 
variations  in  the  speed  of  the  motorized 
converter;  hence,  direct  current  from 
railway  circuits  is  not  convenient  to 
s3rnchronize  railway  synchronous  con- 
verters. The  more  general  practice  is 
to  get  them  up  to  speed,  disconnect 
them  entirely  from  the  direct-current 
busses,  and  then  close  the  alternating- 
current  switches. 
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48.  In  the  three-phase  installation 
shown  in  Fig.  14  the  starting  switch  is 
double  pole,  double  throw.  Two  of  the 
stairting  pressures  are  taken  from  the 
middle  points  of  two  of  the  transformer 
secondaries  and  the  third  phase  may  be 
permanently  connected.  The  running 
position  of  the  double-throw  starting 
switch  is  such  that  it  connects  the 
machine  to  the  full-pressure  terminals 
In  order  to  secure  this  simple  arrange- 
ment of  starting  circuits,  the  transformer  secondaries  are  con- 
nected delta.  When  the  star  connected  secondaries  are  used, 
it  is  necessary  to  use  a  three-pole  double-throw  switch  con- 
nected as  shown  in  Fig.  15.  The  motor  is  entirely  disconnected 
from  the  transformer  when  the  switch  is  open. 


»  Coffee  for-  /?tn^s 

Fig.  15 

of  the  transformer. 
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SHUNT-FIELD    CONNECTIONS 

49.  In  order  that  the  field  rheostat  may  be  situated  at  or 
near  the  switchboard,  the  positive  side  of  the  shimt-field  wind- 
ing of  a  synchronous  converter  is  connected  to  the  positive 
armature  lead  at  the  switchboard;  and,  in  order  that  the  field 
may  be  properly  excited  whenever  the  machine  is  in  operation, 
even  though  the  circuit-breaker  or  the  main  positive  switch  t. 
Fig.  13,  is  open,  the  connection  is  made  on  the  armature  side 
of  the  knife-blade  switch,  as  shown.  The  connection  between 
the  rheostat  and  the  field  is  made  by  a  wire  or  small  cable 
that  connects  to  the  reversing  field-break-up  switch. 

The  negative  terminal  of  the  shxmt  field  is  connected  to 
the  negative  lead  of  the  armature  on  the  armature  side  of 
the  compound  winding  (short  shtmt),  but  it  may  be  on  the 
groimd  side  (long  shunt).  In  operation,  one  form  of  shxmt 
connection  is  as  good  as  the  other,  but  the  short  shtmt  has  the 
advantage  of  having  fewer  joints  in  the  circuit,  reducing  the 
liability  of  an  accidental  opening  of  the  shunt-field  circuit. 

50.  The  reversing  field-break-up  switch  is  provided  for 
sectionalizing  the  shtmt-field  circuit  when  starting  the  machine 
with  alternating  current  and  for  correcting  the  polarity  of  the 
machine,  if  it  is  incorrect  at  sjmchronous  speed. 

Sectionalization  of  the  shtmt  field  during  starting  is  neces- 
sary, because  when  alternating  current  is  applied  to  the  arma- 
ture when  at  rest  or  when  running  non-synchronously,  the 
£trmature  winding  acts  as  the  primary  of  a  transformer  of  which 
the  shunt-field  winding  is  the  secondary.  The  number  of  turns 
in  the  armature  winding  is  small  and  the  total  numlDcr  of  turns 
in  the  shunt-field  winding  is  quite  large;  therefore,  if  the  entire 
shunt  winding  is  connected,  the  secondary  electromotive  force 
induced  may  be  sufficient  to  puncture  the  insulation  of  a  field 
winding,  or  leads,  and  cause  a  breakdown.  If,  however,  the 
shunt  winding  is  sectionalized  by  opening  the  field-break-up 
switch,  each  section  becomes  a  secondary  with  a  much  smaller 
number  of  turns,  and  the  electromotive  force  induced  is  so  small 
as  not  to  be  dangerous. 
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When  starting  a  sjmchronous  converter  from  the  alternating- 
current  side,  the  magnetic  flux  in  the  pole  pieces  is  alternating 
until  the  armature  reaches  synchronous  speed.  With  this 
method  of  starting,  therefore,  the  polarity  at  synchronous  speed 
is  liable  to  be  incorrect  for  direct-current  operation.  BefcMe 
connecting  in  the  shunt  field,  a  voltmeter  test  is  made  for  polar- 
ity, which,  if  incorrect,  is  reversed  by  momentarily  throwing 
the  field-break-up  switch  to  the  reverse  position,  the  lower 
position  in  Fig.  13,  then  opening  it  and  repeating  the  test. 
When  the  polarity  is  correct,  the  field  switch  is  closed  in  its 
operating  position.  

BQUALIZEB   CONNECTIONS 

51.  The  wiring  diagram,  Fig.  13,  shows  the  rotary  converter 
compounded  and  equalized  on  the  negative,  or  groimded,  side, 
which  is  the  most  common  form  of  installation.  The  prac- 
tice of  compounding  and  equalizing  on  the  grounded  side  has 
the  advantage  of  making  the  equalizer  switch/,  which  is  usually 
on  the  machine  frame,  or  on  a  small  panel  near  it,  at  grotmd 
potential,  and  of  confining  to  the  switchboard  all  of  the  arma- 
ttu-e-circuit  switches  having  potentials  above  that  of  the  ground- 
The  equalizer  switch  is  placed  at  or  near  the  machine  instead  of 
on  the  switchboard,  in  order  to  make  the  equalizer  connection 
as  short  as  possible  and,  therefore,  to  make  its  resistance  low 
in  comparison  with  that  of  the  series  fields,  a  condition  neces- 
sary to  good  equalization. 

52«  The  amount  of  compounding  of  a  synchronous  con- 
verter is  adjusted  by  means  of  a  shtmt,  generally  of  German 
silver,  connected  in  parallel  with  the  series-field  winding.  If 
the  machines  are  alike  in  size,  design,  and  characteristics,  they 
may  usually  be  adjusted  to  work  well  in  parallel  and  prop- 
erly divide  the  load  in  proportion  to  their  capacities  by  suitably 
proportioning  the  relative  resistances  of  their  series  fields  and 
series-field  shtmts.  If,  however,  they  are  unlike  in  these 
respects,  some  difficulty  may  be  experienced  in  making  the 
machines  divide  the  load  properly.  The  fields  of  a  large 
machine  may  respond  to  changes  in  the  series  current  more 
slowly  than  those  of  the  smaller  ones,  and  the  same  trouble 
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is  experienced  as  with  cxMnpound-wound  generators.  It  is 
useless  to  attempt  to  effect  any  considerable  change  of  load  dis- 
tribution between  units  by  adjusting  the  shunts  of  the  series 
fields.  Though  this  method  effectually  controls  the  compound- 
ing of  a  single  unit,  the  shunts  of  two  machines  in  parallel  are, 
in  effect,  equal  to  one  shunt  in  parallel  with  both  series  fields. 
The  shunts  control  the  compounding  effect  of  the  two  machines 
with  respect  to  the  load,  but  not  with  respect  to  each  other. 
The  only  method  of  properly  adjusting  the  load  division  is  by 
a  suitable  adjtistment  of  the  relative  resistances  of  the  parallel 
paths  between  the  equalizer  circuit  and  the  direct-current  bus 
of  the  same  polarity,  each  path  including  a  series  field. 


AUXILIABT-MOTOB    CONNBCTIOKS 

53.  A  fan  supplying  air  for  cooling  transformers  in  a  direct- 
current  railway  substation  can  be  driven  by  a  motor  taking 
direct  current  from  the  railway  bus,  or  by  an  induction  motor 
supplied  with  current  from  the  secondary  of  the  transformers 
of  one  of  the  convert- 

+  Mairt  Bus 

er  imits,  the  latter 
method  being  the 
more  general  practice. 
A  direct-current  motor 
stops  whenever  the 
bus  is  killed  by  the 
automatic  operation 
of  all  of  the  machine 
circuit-breakers  and 
must  be  started  after 
each  interruption. 
This  difficulty  is  some- 
times obviated  by  hav- 
ing a  small  power  bus 
receiving  its  supply  from  the  machine  leads  on  the  machine 
side  of  the  knife-blade  switches  a,  Fig.  16.  By  a  selective  sys- 
tem of  switches  h  current  for  the  auxiliary-power  supply  can 
be  taken  from  any  machine.    However,  the  scheme  shown  in 

266—34 
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Fig.  16 
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Fig.  16  introduces  the  liability  of  operating  errors;  induction 
motors  are  cheaper  and  more  reliable. 

64.  Induction  motors  for  air-blast  fans  are  three-phase  and 
are  wound  for  operation  on  the  three-phase  secondary  voltage, 
usually  about  360  volts,  of  the  synchronous  converters.  For 
these  motors,  there  are  two  forms  of  starting  equipment.  One 
form  consists  of  a  double-throw  switch;  one  side  has  no  fuses  in 
circuit  and  is  used  for  starting  the  motor  at  full  potential,  and 
the  other  side  has  fuses  that  are  in  circuit  dtiring  normal  oper- 
ation. The  switch  should  be  connected  to  the  three  trans- 
former leads  a,  Fig.  13,  that  go  directly  to  the  armature  col- 
lector rings,  or  else  to  the  leads  b  on  the  machine  side  of  the 
secondary  starting  switches  in  preference  to  those  on  the  trans- 
former side.  With  either  of  these  connections,  it  is  impossible 
to  operate  the  fan  motor  when  the  synchronous-converter 
armature  is  at  rest,  even  though  the  transformer  may  be  alive. 

55«  If  the  substation  transformers  are  oil-and-water  cooled, 
a  small  motor  is  sometimes  required  for  operating  the  pump  to 
circulate  water  through  the  cooling  coils.  This  motor  is  con- 
nected in  the  same  manner  as  the  motor  for  driving  the  air- 
blast  fans.  

INSTRUMENT,    BELAT,    AND    PBOTBCTIVB-DEVICE 
CONNBCTION8 

56«  Instrument  and  Helay  Connections. — ^The  instru- 
ment connections  on  the  direct-current  end  of  a  synchronous 
converter  are  the  same  as  for  a  direct-current  railway  generator. 
The  altemating-cturent  end  of  the  unit  has  overload  relays, 
alternating-current  ammeter,  power-factor  indicator,  and,  some- 
times, an  alternating-current  wattmeter. 

With  respect  to  the  connection  of  overload  relays  there  is  no 
fixed  practice.  Some  installations  are  made  with  three  over- 
load relays  supplied  from  three  current  transformers,  one  erf 
which  supplies  current  to  the  alternating-current  instruments 
also.  In  other  installations,  one  current  transformer  supplies 
the  ammeter,  one  supplies  the  power-factor  indicator,  and  a 
third  the  wattmeter,  and  each  supplies  one  overload  relay. 
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One  side  of  the  secondary  of  each  current  transformer  is  con- 
nected to  a  common  ground,  usually  a  ground  plate,  to  which 
is  connected  the  ground  return  of  all  the  instruments.  The 
other  terminals  of  the  current  transformers  connect  the  instru- 
ments and  relays;  the  remaining  terminals  of  the  instruments 
and  relays  are  connected  to  a  small  ground  bus  that  leads  to 
the  ground  plate. 

Current  transformers  are  most  satisfactory  when  working 
with  very  little  resistance  in  their  secondary  circuits,  and  for 
this  reason  some  installations  are  made  with  one  current  trans- 
former for  the  instruments  and  two  for  the  overload  relays, 
as  shown  in  Pig.  17.  This  form  of  connection  is  suitable  for 
installations  in  which  the  trans- 
former primaries  are  delta  con- 
nected, but  is  not  generally  used 
with  star-connected  transformer 
primary  windings,  where  it  is  desir- 
able to  have  overload  protection  ^  ^  J" 
on  each  phase  separately.  ||^  > 

Current  transformers  are  inserted 'S  |^ — 
in  the  primary  circuit  between  the 
oil  switch  and  the  transformers  and 
as   near   to   the   oil  switch  as  is 
convenient. 
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57.  An  alternating-current  re-  pig.  i7 
lay  c.  Fig.  13,  can  be  arranged  to  close  the  operating  circuit 
through  the  solenoid  of  a  second  relay  d  with  two  contactors, 
one  of  which  short  circuits  the  low- voltage  release  coil  of  the 
direct-current  circuit-breaker.  The  other  contactor  short  cir- 
cuits the  contact  points  of  the  relay  c,  thus  completing  a  circuit 
through  the  solenoid  of  the  relay  d,  electrically  locking  it  in  the 
closed  position,  regardless  of  the  position  of  the  alternating- 
current  relay  c,  and  insuring  the  opening  of  the  oil  switch. 

An  ammeter  e  is  usually  connected  in  the  field  circuit  of  a 
synchronous  converter. 

58.  Operating-Bus  Supply. — ^A  supply  of  direct  current 
for  operating  the  substation  oil  switches  is  sometimes  taken 
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from  the  direct-current  railway  bus.  This  practice  is  not  com- 
mon, because  oil-switch  operating  devices  are  generally  wound 
for  110  to  125  volts  and  it  is  diflScult  to  obtain  good  results 
by  deriving  the  supply  for  their  operation  from  550-  or  600-volt 
circuits. 

The  supply  can  be  obtained  from  the  railway  bus  by  either 
of  two  methods.  In  one  method,  a  fixed  resistance  is  inserted 
in  series  with  the  supply  to  the  operating  circuits  to  reduce  the 
potential  drop  across  the  windings  of  the  operating  devices  to 
about  125  volts.  This  method  is  objectionable  for  two  reasons: 
It  causes  the  cut-out  devices  in  the  operating  circuits  of  the  (ril 
switches  to  break  a  heavy  arc  at  practically  the  full  potential 
+/PMm^  Bus  o^  ^b®  railway  circuit  and 


k 

results  in  serious  burmng 

of  the  contacts.    In  addi- 

\^ 

tion,  the  resistance,  though 

^- 

qc>tr^fna  Bus  corrcct    for    giving    the 

proper  voltage  when  sup- 

pljring  15  or  20  amperes 

-^  ^anr^ 

for  operating  a  switch,  is 

I    (SSCeZ/sJ 

too  little  for  cutting  down 

1 

the  pressure  for  the  pilot 

T 

lamps  of  the  oil-switch  dr- 

_                    cuits.    Another  method  is 

—  f?at/way   Bus 

to  use  a  resistance  through 

Fig.  18 

which  a  current  passes  con- 

tinuously  and  to  tap  the  resistance  at  such  a  point  as  to  obtain 
125  volts  for  the  operation  of  oil  switches  and  pilot  lamps.  The 
operating  devices  and  pilot  lamps  then  become  paths  in  parallel 
with  a  part  of  the  resistance. 

Both  of  the  methods  just  explained  are  objectionable  in 
operation  and  both  have  the  serious  defect  of  being  inoperative 
when  the  substation  is  shut  down,  because  there  is  then  no 
supply  of  ctirrent  to  operate  oil  switches  to  start  the  substation 
machinery.  It  is  more  general  practice  to  install  a  small  stor- 
age battery  of  about  sixty-five  cells  and  having  a  capacity  of 
20  to  40  amperes.  The  battery  is  charged  from  the  550-  or 
600-volt  railway  bus  with  a  resistance  in  series,  as  shown  in 
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Fig.  18,  or,  in  some  installations,  by  means  of  a  mercury-arc 
rectifier. 

59.  Lightning  Protection. — If  the  ratio  of  transforma- 
tion of  the  step-down  transformers  of  a  substation  is  large, 
there  may  occur  on  the  secondary  circuits  momentary  voltages 
greatly  in  excess  of  the  normal  potential  and  sufficient,  under 
certain  conditions,  to  cause  a  pimctiu^  of  insulation  between 
conductors  and  the  armatiu^  core  or  other  grotmded  parts  of 
the  converter  and  thtis  to  present  a  path  for  the  large  currents, 
which  may  have  very  destructive  effects.  These  so-called 
static  disUitbances  are  reduced  in  extent  by  connecting  a  small 
aluminum  cell  lightning  arrester  across  the  direct-current  ter- 
minals of  the  s3aichronous  converters. 

60.  Bpeed-Llmlt  Device. — ^In  order  to  protect  a  syn- 
chronous converter  against  the  possible  destructive  effects  of 
overspeeding — ^which  sometimes  occurs  if  the  alternating-cur- 
rent supply  is  interrupted  and  the  machine  back-feeds  into  a 
line  short  circuit,  or  which  is  certain  to  occur  if  the  field  cir- 
cuit is  opened  when  the  machine  is  running  as  a  direct-current 
motor — a  speed-limit  device  is  used  to  open  automatically  the 
circuit-breaker  when  the  speed  reaches  a  predetermined  value. 
The  circuit-breaker  is  opened  by  the  short  circuiting  of  its  low- 
voltage  release  coil  by  a  centrifugal  device  on  the  shaft.  The 
speed-limit  device  is  usually  adjusted  to  open  the  armature 
circuit  when  the  speed  is  about  15  or  20  per  cent,  above  normal. 

61.  Reverse-Cuirrent  Protection. — When  a  synchro- 
notis  converter  is  operated  in  parallel  with  a  storage  battery, 
either  with  or  without  a  booster  in  series  with  the  battery,  it 
is  desirable  to  install  reverse-current  protection  to  prevent  the 
machine  from  inverting  from  the  battery  into  a  line  short 
circuit. 

Reverse-current  relays  are  made  in  different  forms.  One 
form  in  general  use  on  railway  systems  is  actuated  by  the 
magnetic  field  that  surrounds  the  machine  lead  and  makes  a 
contact  that  operates  a  relay.  The  contacts  of  the  relay  are 
so  connected  as  to  short-circuit  the  low- voltage  release  coil  of 
the  circuit-breaker  and  thus  to  cause  the  circuit-breaker  to  open. 
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PORTABLE    SUBSTATIONS 

62.  On  large  railway  systems,  even  though  the  distribu- 
tion system  was  originally  designed  of  ample  proportions  to 
meet  all  normal  conditions,  .events  are  likely  to  occur  that 
attract  unusual  travel  in  certain  directions  at  irregular  inter- 
vals. A  special  attraction  at  any  point  may  necessitate  run- 
ning, for  a  short  period,  many  cars  on  a  branch  that  ordi- 
narily handles  but  two  or  three.  The  system  must  be  prepared 
to  meet  these  extra  demands;  but  the  installation  of  sufficient 
capacity  in  feeders  and  substations  necessitates  an  investment 
that,  during  a  large  portion  of  the  time,  yields  no  return.  In 
order  to  meet  these  temporarily  heavy  demands  with  the  least 
expense,  a  certain  flexibility  of  distributing  system  is  demanded, 
so  that  the  increased  capacity  may  be  easily  and  quickly  moved 
from  one  line  to  another  as  the  conditions  may  demand.  On 
a  number  of  systems  this  flexibility  has  been  attained  by  the 
use  of  portable  substations.  Practically  the  same  apparatus 
as  is  used  in  a  permanent  substation  is  assembled  in  a  specially 
arranged  car  having  very  much  the  appearance  of  an  ordinary 
freight  car.  This  car  can  be  hauled  to  any  place  to  which  the 
high-tension  lines  have  been  extended,  run  on  a  siding,  con- 
nected up,  and  put  into  service  in  a  very  short  time. 


SYNCHRONOUS-CONVERTER   STATIONS  FOR  LIGHT 
AND  POWER 


FUNDAMENTAL    8TSTBMS    OF    CONNECTION 

63.  Synchronous-converter  substations  for  general  light 
and  power  commonly  supply  three-wire  systems  operating  at 
about  110  to  125  or  220  to  250  volts.  In  many  cases  Edison 
three-wire  systems  are  supplied,  and  220-  to  250-volt  machines 
are  connected  to  the  two  outside  conductors  of  the  sjrstem  with 
a  derived-neutral  connection  to  the  neutral  conductor  of  the 
three-wire  system.  In  some  cases,  two  synchronous  con- 
verters delivering  voltages  of  from  110  to  125  are  coimected 
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to  the  three-wire  system  in  the  same  mamier  as  a  pair  of  1 10-volt 
generators.  In  other  cases,  a  250-volt  converter  is  arranged 
to  feed  into  the  two  outside  conductors  of  the  three-wire  system, 
with  the  neutral  in  no  way  connected  to  the  converter  arma- 
ttire,  as  in  Fig.  19,  which  shows  the  main  connections  for  a 
six-phase  shunt-wound  machine. 

64.  Main  Coimectioiis. — ^The  installation  shown  in 
Fig.  19  is  of  a  form  in  quite  general  use.  Having  no  neutral 
connections,  the  tmit  is  unable  to  supply  an  tmbalanced  load. 
Any  unbalancing  must  be  carried  by  a  balancer  set  or  by  a 
storage  battery. 

In  Fig.  19  the  transformer  primaries  are  shown  connected 
delta,  although  this  is  not  essential;  if  the  installation  were  to 
operate  on  very  high  voltage,  star  connection  would  be  used. 
The  secondary  connections  shown  are  double-delta,  six-phase, 
the  six-phase  relation  being  obtained  by  dividing  the  secondary 
windings  of  each  transformer  into  two  equal  and  independent 
parts,  connecting  the  first  in  delta  and  the  second  in  a  delta 
reversed  with  respect  to  the  first.  With  this  arrangement 
there  are  two  separate  secondary  deltas  out  of  phase  with  each 
other  by  180^.  These  connect  through  a  six-phase  induction- 
type  potential  regulator  to  the  collector  rings  of  the  synchronous 
converter. 

The  synchronous-converter  armature  is  connected  to  the 
direct-current  bus  through  a  circuit-breaker  a  in  one  lead, 
either  positive  or  negative,  and  a  knife-blade  switch  in  each 
lead.  When  a  dupUcate  direct-current  bus  system  is  installed, 
as  shown,  the  knife-blade  switches  b  and  c  are  double-throw, 
in  order  that  the  machine  can  be  connected  to  either  set  of 
busses. 

The  positive  lead  of  the  machine  has  a  tap  to  which  a  start- 
ing circuit,  not  shown  in  Fig.  19,  is  connected  for  starting  the 
converter  as  a  direct-current  motor.  One  starting  bus  and  one 
starting  resistance  may  be  used  to  start  all  of  the  machines  in 
the  substation. 

The  connections  of  the  three-phase  delta-6onnected  system  are 
very  similar  to  those  shown  in  Fig.  14.    Like  the  six-phase 
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double-delta  connections,  they  cannot  be  used  for  supplying  a 
derived  neutral. 

65.  Protective  Devices. — ^The  circuit-breaker  a,  Fig.  19, 
is  installed  to  open  the  armature  circuit  in  the  event  of  exces- 
sive speed  of  the  machine  and  to  disconnect  the  machine  if  the 
current  reverses  in  direction  in  a  predetermined  amount.  The 
reverse-current  feature  is  sometimes  omitted,  as  it  has  been 
fotmd  that  the  machine  is  thereby  occasionally  disconnected 
from  the  direct-current  bus  at  times  when  the  continuity  of 
service  should  be  preserved.  The  circuit-breaker  is  sometimes, 
though  less  frequently,  used  to  disconnect  the  unit  from  the 
bus  in  the  event  of  a  severe  overload. 


Fig.  20 
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In  Fig.  20  are  shown  the  essential  connections  of  the  oper- 
ating circuit  of  the  circuit-breaker.  The  coil  of  the  reverse- 
current  relay  a  is  energized  from  a  special  connection  so  situated 
inside  the  ammeter  case  as  to  make  contact  with  the  counter- 
balance of  the  needle  when  the  pointer  is  in  a  position  for  indi- 
cating a  reversal  of  current  in  a  predetermined  amotmt.  When 
this  contact  is  made,  current  passes  through  the  armature 
coil  h  of  the  instrument,  holding  the  needle  firmly  in  position 
against  the  relay  connection,  thus  perfecting  the  contact,  and 
then  passes  through  the  relay  coil  a  and  through  an  atixiliary 
switch  c  on  the  circuit-breaker  d.  The  atixiliary  switch  opens 
the  relay  circuit  as  soon  as  the  circuit-breaker  opens,  and  thtis 
protects  the  winding  of  the  relay  coil  and  the  armature  coil  of 
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the  ammeter  from  a  cxmtintiation  of  the  comparatively  heavy 
current  that  passes  dtuing  the  brief  time  required  for  opening 
the  circuit-breaker. 
The  circuit  closed  by  the  speed-limit  device  e  is  coimected 


Pig.  21 


between  the  operating  bus,  or  the  load  bus,  and  the  operating 
coil  of  the  circuit-breaker.  This  system  of  speed-limit  pro- 
tection differs  slightly  from  that  shown  in  Fig.  13,  in  which 
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66.     Shunt-Field 
Comieetions. — The 

shjunt-field  circuit, 
Fig.  19,  can  be  con- 
nected to  either  of  the 
duplicate  load  busses 
by  means  of  double- 
throw  selector  switches 
d.  In  addition,  quick- 
break  switches  e  and  a 
field  dischai^e  resis- 
tance /  are  provided. 
In  Fig.  21  is  shown 
a  connection  by  which  a  synchronous  converter  can  be 
excited  from  the  load  bus  for  starting  and  by  which,  after 
starting,  the  field  switches  are  mechanically  locked  and 
dectrically   connected   to    the    knife-blade    switches    of    the 
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armature.  After  the  machine  is  synchronized  and  the  field 
switches  are  locked  and  connected  to  the  blades  of  the  arma- 
ture switches,  the  armature  switches  can  be  opened,  if  neces- 
sary, and  the  field  circuit  wiU  remain  excited  from  the  machine 
leads.  The  unit  is  provided  with  double-throw  switches  for 
selective  connection  between  two  direct-current  busses  and  may 
be  transferred  from  one  bus  to  another  without  the  danger  of 
killing  its  field  circuit. 

In  Fig.  22  is  shown  a  simpler  scheme  by  which  the  field  cir- 
cuit is  connected  through  quick-break  switches  a  to  the  machine 
leads.  This  arrangement  also  permits  self-excitation  while 
transferring  the  imit  between  busses.  When  this  form  of  con- 
nection is  used,  the  starting  resistance  is  connected  across  one 
of  the  circuit-breakers,  in  order  that  the  synchronous  converter 
may  have  full-field  excitation  when  the  starting  resistance  is  in 
circuit.  

THREE- WIRB    SYSTEMS    WITH    DERIVED    NEUTRAL 

67.  Methods  of  Deriving  Neutral. — In  Fig.  23  is  shown 
a  wiring  diagram  of  a  six-phase,  250-volt,  s)mchronous  con- 
verter with  diametrically  connected  (double-star)  transformer 
secondary  windings  and  a  derived  neutral.  This  arrangement 
is  superior  to  the  one  shown  in  Fig.  19,  as  the  ndddle  points  of 
the  diametrical  winding  afford  a  source  of  neutral  potential. 
As  the  secondary  of  each  transformer,  Fig.  23,  is  connected 
across  the  armature  to  points  180  electrical  space-degrees  apart, 
the  potential  of  the  middle  of  the  secondary  winding  is  midway 
between  that  of  each  of  the  outside  terminals  of  the  armature. 
This  is  the  potential  of  the  neutral  conductor  of  a  properly 
balanced  three-wire  system.  Since  the  ndddle  points  of  each 
of  the  three  diametricals  are  of  the  same  potential,  they  are 
connected  to  the  neutral  of  the  three-wire  system,  and  the 
synchronous  converter  is  able  to  supply  current  to  an  tmbal- 
anced  load.  The  neutral  current  then  passes  back  through  the 
neutral  connections  of  the  transformer  secondary. 

A  switch  a,  Fig.  23,  is  installed  in  the  neutral  lead,  in  order 
that  the  neutral  circuit  may  be  opened  when  the  machine  is 
to  be  started  with   direct  current.    Assuming  the  starting 
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resistance  to  be  in  the  positive  lead,  the  negative  switch  should 
not  be  closed  when  the  neutral  switch  is  closed  and  the  arma- 
ture is  at  rest.  The  other  machines  would  then  send  current 
from  the  neutral  of  the  system,  through  the  synchronous-con- 
verter armature,  through  one-half  the  transformer  secondaries, 
to  the  negative  bus.  This  path  is  one  of  very  low  resistance 
and  would  constitute  a  short  circuit  on  the  negative  side  of  the 
three-wire  system. 

68.  When  taps  from  the  middle  points  of  the  transformer 
secondaries  are  not  available,  a  derived  neutral  is  sometimes 
obtained  by  connect- 
ing a  suitable    reac- 
tance, or  one  winding  of 

a  transformer,  across 
two  properly  selected 
secondary  leads   and 
connecting  the  middle 
point  of  this  reactance 
or  winding  to  the  neu- 
tral of  the  three-wire 
system.    The  other 
winding  of  the  trans- 
former so  used  is  left 
open-circuited  and  in- 
active.    A  reactance 
serves  the  purpose  as 
well  as  a  transformer, 
and,  being  considerably  cheaper,  is  generally  used  in  preference 
to  the  transformer.    The  transformer  coil  or  the  reactance  coil, 
as  the  case  may  be,  must  be  connected  to  points  of  the  arma- 
ture 180  electrical  degrees  apart,  as,  for  example,  to  collector 
rings  No.  1  and  No.  4,  to  No.  2  and  No.  5,  or  to  No.  3  and  No.  6. 

69.  Another  form  of  derived  neutral  connection  for  a  six- 
phase  machine  is  made  by  the  use  of  three  transformer  wind- 
ings or  reactances  connected  in  star,  with  the  neutral  point  con- 
nected to  the  neutral  of  the  three-wire  system  and  the  other 
three  terminals  connected  to  points  in  the  armature  winding 
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120  electrical  degrees  apart;  that  is,  in  this  case  to  alternate 
collector  rings,  as,  for  example,  Nos.  1,  3,  and  6  or  Nos.  2,  4, 
and  6. 

The  method  of  deriving  a  neutral  from  star-connected  trans- 
former secondaries  for  a  three-phase  machine  is  shown  in 
Fig.  24. 

70.  Miscellaneous  Connections. — A  sjmchronous  con- 
verter with  a  derived  neutral  and  with  one  side,  either  positive 
or  negative,  connected  to  the  neutral  can  be  operated  as  a  two- 
wire  unit  with  a  rather  limited  capacity.  The  machine  can 
also  be  motorized  through  a  circuit  consisting  of  the  neutral 
connection  and  either  the  positive  or  negative  lead.  There- 
fore, when  the  neutral  switch  is  closed,  the  armature  circuit 
is  not  completely  opened  tmless  both  positive  and  negative 
conductors  are  open-circuited.  For  this  reason  two  circuit- 
breakers,  as  shown  in  Fig.  23,  are  necessary  in  connection  with 
the  unit  having  a  derived  neutral.  The  operating  coils  (not 
shown)  of  the  circuit-breakers  are  connected  in  parallel. 

Ammeter,  relay,  and  shunt-field  connections  are  the  same 
as  those  described  in  connection  with  Figs.  19  to  22,  inclusive. 


TWO   CONVERTEBS    SUPPLIED    FROM    ONE    BANK    OF 
TBANSFORMEBS 

71.  Two  synchronous  converters  for  operation  on  three- 
wire  systems  are  sometimes  connected  to  one  bank  of  trans- 
formers. When  this  is  done,  the  transformer  secondaries  may 
be  wound  for  supplying  77  volts,  three  phase,  to  the  machines, 
which  are  connected  in  parallel  to  the  transformer  secondary 
terminals.  Another  form  of  connection  has  each  secondary 
divided  into  two  parts;  each  part  supplies  77  volts,  and  one  unit 
is  connected  to  each  set  of  secondaries,  as  shown  in  Fig.  25. 
Since  both  of  the  converters  are  supplied  from  one  set  of  trans- 
formers, the  primary  oil  switch  of  the  set  cannot  be  satisfac- 
torily used  for  synchronizing,  and  it  is  therefore  necessary  to 
use  secondary  switches,  not  indicated  in  Fig.  25,  in  the  leads 
to  each  rotary  converter.  The  practice  of  synchronizing  with 
secondary  switches  is  not  uncommon,  even  in  connection  with 
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large  umts,  and  there  are  in  regular  operation  many  rotary 
converter  installations  of  large  capacity  that  are  synchronized 
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to  the  transformer  secondaries  by  means  of  heavy  secondary 
switches,  some  of  which  are  adapted  for  remote  control. 
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72.  Starting  Wltb  Alternating  Current. — Synchronous 
converters  used  in  lighting  and  power  work  and  having  six-phase 
diametrically  connected  transformers  can  be  started  with  alter- 
nating ctirrent  by  using  the  same  form  of  starting  connections 
as  those  used  on  railway  machines.    The  starting  connections, 
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however,  require  some  special  arrangement  when  used  with 
tmits  with  derived  neutrals,  as  it  is  necessary  to  provide  for 
separating  the  neutral  connections  to  the  transformer  secon- 
daries during  starting.  Fig.  26  shows  the  arrangement  of  the 
secondary  circuits  of  a  rotary-converter  unit  for  starting  with 
one-half  the  normal  secondary  voltage.    The  neutral  point 
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of  each  secondary  winding  is  brought  out  to  a  three-pole,  single- 
throw  switch  a  that  connects  the  neutral  points  together 
during  operation  but  is  opened  while  starting.  A  three-pole 
double-throw  switch  b  provides  a  means  of  supplying  the 
converter  with  one-half  normal  secondary  voltage  for  starting 
and  full  voltage  for  running. 
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73.  Starting  With  Direct  Current.— Fig.  27  shows  the 
essential  connections  for  starting  a  rotary  converter  with  direct 
current  from  the  load  bus.    During  starting  operations,  the 
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main  positive  switch  a  is 
open  and  the  armature  is 
supplied  through  the  resis- 
tance. After  the  machine  is 
synchronized,  themain  switch 
is  closed  and  the  starting 
switch  is  opened. 

The  connections  shown  in 
Fig.  27  require  a  separate 
starting  resistance  for  each 
machine.  In  order  that  one 
starting  box  may  serve  for 
a  nimiber  of  machines,  a  small  starting  bus  a,  Fig.  28,  con- 
nected to  one  of  the  main  busses  through  the  starting 
resistance,  is  used.  Each  synchronous  converter  can  be  con- 
nected to  the  starting  bus  by  means  of  a  starting  switch  6. 
Two  starting  resistances  can  be  arranged  in  conjunction  with 
a  double-throw  switch  c  so  that  either  can  be  used  for  starting 
2my  machine  in  the  substation.  The  starting  resistance  is 
usually  proportioned  to  carry  the  starting  current  for  only  one 
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machine,  and  the  attempt  to  start  two  or  more  machines 
simultaneously  would  probably  biun  out  the  resistance.  Start- 
ing switches  such  as  shown  in  Figs.  27  and  28  should  be  left 
open  except  when  needed  for  starting  a  machine. 
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SYNCHRONIZING  CIRCUITS  FOR  ROTARY 
CONVERTERS 

74.    Circuit  WiUi  Secondary  Switches. — In  order  that 

synchronous  converters  that  are  started  with  direct  current 

may  be  properly  sjmchronized  to  their  soim^es  of  supply,  it  is 

I  II  11  I   n  necessary  to  install  suit- 

Lp,0,Q-O.Q,oJ     IqQQQQQJ      Ufl£flgJ^|  able  synchronizing  cir- 

«w)«»oooii|  cuits  and  devices.  These 


Seconda/y 
Switches 


^  synchronizing   devices 
and  connections  do  not 
differ  in  principle  from 
those  used  in  generating 
stations.    There    are, 
however,    some   special 
adaptations  that  require 
brief  descriptions. 
Converters  synchronized  to  the  secondaries  of  their  trans- 
formers  with   secondary   switches   have   the    simplest  fonn 
of    synchronizing   circuit,   as   no   step-down   pressure   trans- 
formers are  necessary.     If  S5mchronizing  lamps  are  used,  they 
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are  connected  across  the  secondary  switches  as  shown  in 
Fig.  29,  in  which  the  circuit  is  arranged  for  synchronizing  by 
dark  lamps. 
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75»  Syncbroscope  Connections. — ^When  a  synchronism 
indicator,  or  synchroscope,  is  used,  it  is  desirable  to  have  one 
instrument  for  tise  with  all  the  xmits  in  the  substation.  This 
is  accomplished  by  an  arrangement  shown  diagrammatically 
in  Fig.  30,  which  is  a  form  of  connection  suitable  for  use  with 
ungrounded  synchronizing  circuits.  The  simpler  arrangement 
using  grounded  circuits  cannot  always  be  used  in  this  case,  as 
it  would  result  in  grounding  the  phase  leads  of  the  transformer 
secondaries  and  <rf  the  rotary  converters. 

When  the  tmits  are  sjoichronized  with  the  transformer  pri- 
mary circuit,  the  high  voltage  on  the  supply  side  of  the  synchro- 
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nizing  switch  makes  necessary  the  use  of  step-down  potential 
transformers.  There  is  usually  no  objection  to  grotmding  one 
terminal  of  the  potential  transformer  secondary  coil  to  permit 
simplifying  the  synchronizing  circuit.  In  Fig.  31,  one  syn- 
chronizing bus  a  is  connected  to  the  armature  and  the  other  h 
is  connected  to  the  field  winding  of  the  synchronism  indicator. 
The  potential  transformer  c  connected  to  the  high-tension  btisses 
has  a  ratio  of  transformation  such  as  to  give  a  secondary  volt- 
age suitable  for  the  instrument.    A  potential  transformer  d 


Digiti 


ized  by  Google 


52  ELECTRIC  SUBSTATIONS  §55 

connected  to  the  secondary  leads  of  the  step-down  transformers 
supplying  the  rotary  converter  has  such  a  ratio  as  to  deliver 
the  same  voltage  as  the  potential  transformer  on  the  high-ten- 
sion bus.  Each  potential  transformer  has  one  terminal  of  its 
secondary  winding  grounded.  The  connections  of  the  syn- 
chronism indicator  are  then  as  shown. 

76»    Alternating-Current     Voltmeter    Connections. 

In  order  that  a  rotary  converter  when  synchronized  to  the 
supply  may  not  immediately  take  up  too  much  load,  either 
direct  or  inverted,  it  is  necessary  that  the  voltages  on  both 
sides  of  the  synchronizing  switch  be  equal.  In  order  that  the 
voltages  can  be  observed,  an  alternating-current  voltmeter  is 
connected  to  a  multiple-point  voltmeter  switch  wired  to  each 
source  of  synchronizing  current. 


AUTOMATIC  SYNCHRONOUS-CONVERTER 
SUBSTATIONS 

77.  Definition. — ^A  synchronous-converter  substation  is 
considered  to  be  automatic  when  the  various  ftmctions  of  start- 
ing, stopping,  and  regulating  the  converter  are  perforaied 
without  the  presence  of  an  attendant  in  the  station  with  the 
machine.  Such  of  the  control  apparatus  as  are  not  automatic 
are  manipulated  by  an  operator  located  in  a  distant  control- 
ling station,  which  may  be  another  substation. 

78.  Purpose. — ^Automatic  synchronous-converter  substa- 
tions are  useful  where  central-station  service  in  a  given  district 
is  to  be  improved,  yet  the  load  density  in  that  district  is  not 
great  enough  to  warrant  the  expense  of  maintaining  an  attended 
substation.  With  the  automatic  substation,  the  expense  of 
heating  the  building  is  saved  and  the  labor  expense  is  reduced 
to  the  cost  of  daily  inspection. 

79.  Starting. — ^A  synchronous  converter  in  an  automatic 
substation  is  most  conveniently  started  as  an  alternating- 
current  motor,  reduced  voltage  during  acceleration  being 
obtained  by  means  of  a  starter  in  the  controlling  station. 
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The  field  break-up  switch  is  automatic;  just  before  the  con- 
verter reaches  synchronous  speed,  a  special  governor  on  its 
shaft  closes  the  control  circuit  of  contactors  that  operate  to 
connect  the  field  circuit  to  the  direct-ctirrent  bus-bars  so  as  to 
give  a  field  of  the  correct  polarity.  The  voltage  of  the  converter 
is  then  raised  by  means  of  an  induction  regulator  in  the  con- 
trolling station.  At  the  moment  that  the  voltage  across  the 
brushes  exceeds  that  across  the  bus-bars,  the  converter  is  auto- 
matically connected  to  the  direct-current  system  by  the  oper- 
ation of  a  differential  contact-making  voltmeter.  This  volt- 
meter closes  the  circuit  through  the  closing  coils  of  the  circuit- 
breakers  whenever  the  direct-current  voltage  of  the  converter 
exceeds  the  bus  voltage  by  a  small  percentage. 

80.  Regrulatlon. — ^Voltmeters  connected  through  pres- 
sure wires  to  various  points  in  the  portion  of  the  network  sup- 
plied by  the  automatic  substation  inform  the  operator  at  the 
controlling  station  of  the  voltage  conditions  on  the  system, 
and  the  load  on  the  converter  in  the  automatic  station  is  changed 
accordingly.  Changes  in  load  are  effected  by  manipulating 
the  induction  regulator  in  the  controlling  station.  The  amoimt 
of  load  on  the  converter  at  any  time  is  indicated  by  alternating- 
current  ammeters,  an  indicating  wattmeter,  and  a  power-factor 
meter  in  the  controlling  station.  Complete  overload,  under- 
load, and  reverse-current  protection  is  provided. 

81.  Stopping. — ^The  rotary  converter  is  stopped  by  dis- 
connecting the  alternating-current  supply  at  the  controlling 
station.  This  permits  the  machine  to  rotate  as  a  direct-current 
motor  taking  a  reversed  current  sufficient  in  amoimt  to  oper- 
ate reverse-current  relays.  The  operation  of  the  reverse-ciurent 
relays  opens  the  main  circuit-breakers  and  disconnects  the  con- 
verter from  the  direct-current  bus-bars.  As  the  machine  slows 
down,  the  field  contactors  open,  breaking  up  the  field  winding, 
and  everything  is  automatically  placed  in  readiness  for  a  new 
start. 

The  commutating-pole  type  of  sjmchronous  converter  cannot 
be  used  in  an  automatic  substation  imless  a  special  automatic 
mechanism  is  provided  for  raising  and  lowering  the  brushes. 
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ALTERNATINO-CURRENT  SUBSTATIONS 


FREQUENCY-CHANGER  SUBSTATIONS 


INDUCnON-HOTOB-DBIVBN    FBBQUENCT   CHANOBB8 

82«  Motor-generators  used  as  frequency  changers  are  of  two 
kinds:  those  consisting  of  alternating-current  generators  driven 
by  induction  motors  and  those  of  which  the  generators  are  driven 
by  synchronous  motors. 

The  induction-motor-driven  sets  are  undesirable  if  dose 
regulation  of  frequency  is  required,  and  they  cannot  be  used 
for  inverse  operation,  that  is,  for  frequency  conversion  except 
in  one  direction.  One  form  of  induction  motor used  for  driving 
generators  of  frequency-changer  sets  is  constructed  with  a  wound 
rotor  provided  with  slip  rings  on  the  shaft  and  with  brushy  and 
leads  connecting  to  an  external  resistance.  With  an  induction 
motor  of  this  type,  the  speed  of  the  machine  can  be  regulated 
for  synchronizing  the  generators  and  also  for  effecting  control 
over  the  distribution  of  load  between  xuiits.  With  motors 
having  wound  rotors,  the  resistances  in  the  rotor  circuits  are 
considerable,  and  a  suitable  form  of  control  is  provided  so  that 
the  speed  of  the  motor  can  be  regulated  from  the  switchboard. 

The  design  of  a  substation  containing  frequ^icy  changers 
driven  by  induction  motors  is  of  the  simplest  kind;  the  induction- 
motor  installation  being  such  as  has  already  been  described. 
The  design  of  the  generator  installation  shotdd  be  similar  to 
that  of  a  steam-generating  plant  with  alternators  of  the  same 
size  and  capacity.  

STNCHBONOUS-HOTOB-DBIVEN    FBBQUENCT    CHANOBB8 

83.  Synchronous-motor-driven  frequency  changers  are  more 
complicated  than  those  driven  by  induction  motors,  and  atten- 
tion to  details  of  connections  is  necessary  if  more  than  one 
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unit  is  to  be  installed.  The  synchronous-motor  installation 
should  be  along  the  lines  abeady  described;  the  high-tension 
busses,  oil  switches,  step-down  transformers,  air-blast  equip- 
ment, starting  facilities,  synchronizing  circuits,  exciting  appa- 
ratus, and  synchronous  motors  differ  in  no  particular  respect 
from  a  synchronous-motor  installation  for  driving  a  direct- 
current  generator,  except  that  the  speed  of  the  unit  must  be 
common  to  the  two  frequencies.  Wlien  the  frequency  of  one 
end  of  the  machine  is  double  that  of  the  other,  as,  for  example, 
fifty  and  twenty-five  cycles,  there  is  a  wider  range  of  speeds  for 
the  machine  designer  to 
choose  from.  If  the  ratio  be- 
tween the  frequencies  is  not  a 
whole  ntmiber  there  is  usually 
but  one  speed  practicable. 

84.  The  alternating-cur- 
rent generator  of  a  frequency-  [s, 
changer  set  is  connected  to 
the  same  kind  of  switchgear 
as  would  be  used  in  a  steam 
plant  using  similar  genera- 
tors, and,  although  there  is 
no  speed  control  of  incoming 
units,  it  is  necessary  to 
install  synchronizing  circuits  and,  in  some  cases,  a  synchroscope. 

In  Fig.  32  is  shown,  roughly,  the  rotor  of  a  synchronous  motor- 
generator.  The  assembly  consists  of  a  four-pole  field  iV,  5, 
ATi,  and  Si  and  an  eight-pole  field  ni,  su  etc.  mounted  rigidly 
on  the  same  shaft.  If  the  four-pole  end  is  to  be  considered  as 
a  motor,  it  is  convenient  to  assume  that  the  supply  is  obtained 
from  a  four-pole,  revolving-field  alternator  and  is  transmitted 
through  a  Une  having  no  reactance.  Then,  when  the  motor 
nms  without  load  and  at  synchronous  speed,  the  center  line 
through  one  of  its  north  poles  N  or  Ni  will  be  parallel  to  a 
line  oa  imagined  to  be  rotating  about  the  motor-generator 
shaft  in  unison  with  the  center  line  of  one  of  the  north  poles 
of  the  alternator.    Each  north  pole  of  the  four-pole  end  of 
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the  motor-generator  lines  up  with  a  north  pole  of  the  eight- 
pole  end;  therefore,  the  generator  end,  in  this  case  the  eight- 
pole  end,  will  be  in  phase  with  a  similar  unloaded  tmit  already  in 
operation  from  the  same  supply. 

An  examination  of  Fig.  32  shows  that  two  north  poles  of  the 
eight-pole  end  line  up  with  north  poles  of  the  four-pole  end, 
and  two  north  poles  of  the  eight-pole  end  line  up  with  south 
poles  <rf  the  four-pole  end.  Therefore,  when  the  eight-pole 
end,  operating  as  a  motor,  reaches  synchronism,  the  four-pole 
end,  now  acting  as  a  generator,  may  be  in  phase  or  180  dec- 
;  trical  d^:rees  out  of 

phase  with  the  gener- 
ator end  of  a  siniilar 
unit  driven  from  the 
same  source  of  supply. 

85,  From  the  pre- 
ceding, the  following 
general  statements  are 
derived: 

If  the  ntimber  of 
poles  of  one  end  of  a 
synchronous  motor- 
generator  is  double 
that  of  the  other,  the 
synchronizing  instru- 
ment can  be  dispensed 
with,  and  voltmeter 
indications  can  be  relied  on  for  paralleling  the  generator  end  with 
a  similar  xuiit.  When  the  low-frequency  end  of  such  a  machine 
is  operating  as  a  motor,  no  synchronizing  equipment  of  any  kind 
will  be  needed.  If  the  high-frequency  end  is  used  as  a  motor, 
an  indicating  voltmeter  connected  between  a  generator  ter- 
minal of  one  machine  and  the  corresponding  generator  terminal 
of  the  other  will  indicate  nearly  zero  voltage  if  the  two  gen- 
erators are  in  phase  or  about  double  voltage  if  they  are  180  elec- 
trical degrees  out  of  phase.  The  generators  must  be  brought 
into  phase  before  connecting  them  in  parallel. 


Fig.  33 
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86.  If,  however,  the  frequency  change  is  not  in  the  ratio 
of  1  to  2,  or  2  to  1,  the  possible  phase  relations  between  gen- 
erators are  more  complicated.  In  a  25-cycle-60-cycle  motor- 
generator  the  frequency  of  one  end  is  2.4  times  that  of  the  other, 
and  for  every  cycle,  or  360  electrical  degrees,  of  the  25-cycle  end, 
the  eO-cyde  end  will  have  2.4  cycles,  or  2.4X360=864  elec- 
trical degrees.  The  usual  arrangement  of  the  rotor  of  a 
25-cycle-60-cycle  synchronous  motor-generator  is  shown  in 
Fig.  33,  ten  poles  on  the  26-cycle  end  and  twenty-four  poles 
on  the  60-cycle  end.  The  diagram  shows  that  only  one  north 
pole  of  one  end  is  in  line  with  a  north  pole  of  the  other  end. 
Therefore,  if  one  motor-generator  is  in  operation,  motorized 
on  the  26-cycle  end  and  without  load,  and  another  similar  set 
is  started,  there  will  be  five  different  relative  positions  in  elec- 
trical phase  which  the  generators  may  bear  to  each  other,  only 
one  of  which  would  be  correct  for  paralleling.  This  phase 
relation  will  remain  constant  because  both  motors  are  operating 
synchronously  and,  therefore,  there  is  no  difference  in  fre- 
quency of  the  generators.  In  order  to  change  the  phase  rela- 
tion it  is  necessary  to  advance  or  retard  the  motor  in  electric 
phase,  which  is  accomplished  in  the  manner  described  in  Oper- 
ation of  Electrical  Machinery ^  Part  2. 


TRANSFORMER  SUBSTATIONS 


TBANSFORMEB    (SUBSTATIONB    FOB    RAILWAYS 

87.  For  railway  systems  employing  only  alternating- 
current  motors  on  the  cars,  the  substations,  where  used,  con- 
tain protective  devices,  transformers,  control  equipment,  and 
indicating  instruments.  No  moving  machinery  is  employed, 
and,  aside  from  inspection  and  resetting  of  circuit-opening 
devices,  the  substation  requires  little  attention.  Sometimes, 
the  substation  is  so  located  that  an  employe  engaged  on  other 
work  may,  when  necessary,  be  called  by  an  automatic  signal 
to  attend  to  the  circuit-breakers. 

In  Fig.  34  is  shown  a  set  of  connections  for  a  transformer  sub- 
station pf  a  single-phase  railway  system.    Time-limit  relays  are 
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provided  to  open  the  circuits  in  case  of  a  serious  short  circuit 
of  considerable  duration,  but  for  slight  overloads  or  temporary 
short  circuits,  the  relays  do  not  allow  the  substation  to  be  cut 
out.  Differential  relays  are  installed  to  open  the  circuit  in 
case  the  trolley  line,  owing  to  some  disorder,  causes  the  trans- 
former secondary  coil  to  act  as  a  primary. 

Transformer  substations  are  generally  eqtiipped  with  volt- 
meters, or  potential  indicators,  and  ammeters  for  use  in  the 


Pig.  34 


location  of  fatdts.  Both  the  high-  and  the  low-tension  feeders 
are  equipped  with  lightning  arresters.  The  main  transformers 
must  be  of  the  self-cooling  oil  type. 


TRANSFORMER    SUBSTATIONS    FOR    LIGHT    AND    POWER 

88»  For  central-station  work,  transformer  substations  are 
used  where  the .  frequency  of  the  current  in  the  distributing 
system  is  the  same  as  that  of  the  current  in  the  transmission 
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lines,  but  the  voltages  are  different.  Such  a  substation,  in  its 
simplest  form,  may  contain  only  one  transformer  with  switches 
but  without  other  switchgear  except,  perhaps,  lightning  arrest- 
ers. Voltage  regulation  in  such  cases  can  be  obtained  by  means 
of  voltage  regulators  at  the  generating  station.  In  other  cases, 
the  number  of  feeders  is  large  enough  to  require  equipment 
with  potential  regulators  and  the  presence  of  an  operator  dur- 
ing the  periods  of  heavy  load.  In  the  larger  substations,  when 
the  service  is  important,  two  incoming  high-tension  lines  with 
a  tie-switch  between  them  are  provided  so  that  the  entire  sub- 
station load  can  be  carried  on  either  line.  As  in  railway  sub- 
stations, switches  must  be  provided  on  each  side  of  each  trans- 
former so  that  any  transformer  can  be  completely  isolated  from 
the  system.  When  there  are  more  than  three  or  four  feeders 
outgoing  from  a  substation,  the  low-tension  busses  are  prefer- 
ably installed  in  duplicate,  necessitating  the  use  of  double- 
throw  switches.  In  the  usual  four-wire,  three-phase,  feeder 
system  each  phase  is  independent,  and  single-pole  feeder  switches 
are  therefore  employed,  as  it  is  both  unnecessary  and  undesir- 
able, to  open  all  phases  when  trouble  occurs  on  only  one. 

89.  Outdoor  Substations. — In  large  hydroelectric  devel- 
opments in  which  energy  is  transmitted  over  long  distances 
at  very  high  voltages,  large  outdoor  substations  are  frequently 
employed.  In  these  outdoor  transformer  substations,  the  high- 
tension  apparatus  is  installed  outdoors  and  the  low-tension 
apparatus  in  a  switch  house.  Transformers,  oil  switches,  and 
electrolytic  (aluminum-cell)  lightning  arresters  rest  on  concrete 
fotmdations  in  the  open.  High-tension  leads  and  bus-bars  are 
supported  by  steel  structiu'es  on  concrete.  These  structures, 
as  well  as  the  transformer  tanks,  are  thoroughly  connected  to  a 
grotmd  bus. 

The  transformers  of  the  larger  stations  are  generally  of  the 
oil-  and  water-cooled  type;  in  smaller  stations,  the  self-cooling 
oil  type  can  be  used.  The  high-tension  oil  switches  are  gen- 
erally of  the  remotely  controlled  type,  solenoid-operated. 
Automatic  control  is  secured  by  the  use  of  inverse  time-limit 
relays. 
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Disconnecting  switches  of  the  horn-gap  type  are  placed  so  as 
to  be  operative  from  the  ground,  knd,  in  most  cases,  are  pro- 
vided with  safety  catches  to  prevent  accidental  opening.  Hoods 
over  the  switches  prevent  the  formation  of  sleet  on  the  safety 
catches. 

The  transformers  are  frequently  mounted  on  wheel  bases, 
so  that,  if  necessary,  a  transformer  can  readily  be  placed  on  a 
truck  and  transferred. 

The  chief  advantages  of  outdoor  transformers  over  those 
of  the  indoor  type  are  lower  first  cost,  ease  of  making  exten- 
sions, lower  fire  hazard,  and  simplicity  of  layout.  It  is  esti- 
mated that  the  cost  of  a  small  outdoor  substation  is  from  25  per 
cent,  to  50  per  cent,  below  the  cost  of  an  indoor  substation  of 
the  same  capacity.  This  saving  decreases,  however,  as  the 
size  of  the  substation  increases.  Some  of  the  precautions  to 
be  observed  in  operating  outdoor  substations  is  to  use  only 
low-temperature  electrolyte  in  the  aluminum  lightning  arrest- 
ers, to  guard  against  freezing  of  the  water  in  water-cooled  trans- 
formers, and  to  enclose  the  apparatus  so  that  neither  persons 
nor  animals  can  be  injured  by  coming  in  contact  with  high- 
tension  circuits. 
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OPERATION  OF  ELECTRICAL 
MACHINERY 

(PART  1) 


INTRODUCTION 


PRELIMINARY  INVESTIGATION 

!•  Immediately  on  taking  charge  of  any  electrical  machin- 
ery, the  operator  should  acquaint  himself  thoroughly  with  the 
nature  of  the  apparatus  that  will  be  imder  his  care,  including 
the  scheme  of  connections  of  each  tmit,  the  connections  of  all 
of  the  auxiliaries  and  operating  devices,  all  of  the  mechanical 
details,  the  normal  and  safe  overload  capacities  of  the  equip- 
ment, all  regular  and  any  special  limitations  as  to  the  per- 
formance of  the  equipment,  and  all  sources  of  danger  of  physical 
injury.  Unless  entirely  familiar  with  his  plant,  the  operator 
may  be  unable  to  proceed  properly  in  trying  to  locate  defects 
in  the  equipment;  he  may  damage  the  apparatus  by  overload- 
ing it,  or  n:iay  expose  himself  to  serious  personal  danger  or  even 
to  loss  of  life. 

SAFE  OPERATING  TEMPERATURES 

2*  It  is  important  that  the  operator  bear  in  mind  and  apply 
in  practice  certain  temperature  limitations  that  experience  has 
indicated  to  be  proper.  Temperature  limits,  often  consider- 
ably lower  than  the  temperatures  at  which  immediate  dam- 
age occurs,  may,  if  long  continued,  cause  insulating  materials 
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to  deteriorate  gradually,  leading  to  eventual  breakdown,  or 
may  so  change  the  magnetic  properties  of  an  iron  core  as  to 
cause  it  alwajrs  afterwards  to  heat  seriously  in  normal  operation. 

3.  Insulation  made  up  of  cotton  tape  and  linseed  oil, 
which  is  quite  generally  used  for  insulating  the  windings  of  air- 
blast-cooled  transformers,  should  not  be  operated  at  a  tem- 
perature higher  than  about  90®  C,  or  194°  F.  It  is  much  better 
not  to  exceed  a  temperature  of  SOP  C,  or  176°  F.,  as  this  lower 
temperattire  causes  much  less  rapid  deterioration.  At  a  little 
above  90°  C.  is  the  critical  temperature  at  which  the  insulation 
begins  to  carbonize,  a  process  that  gradually  converts  insulation 
into  a  conductor,  thus  reducing  its  insulating  and  dielectric 
properties,  a  condition  favorable  to  breakdown. 

Cotton  insulation  painted  with  black  asphaltimi  insulating 
paint,  such  as  is  commonly  used  for.insulating  armature  wind- 
ings of  low-tension  machines,  is  able  to  stand  about  the  same 
temperatiu-es,  but  the  process  of  deterioration  is  generally 
somewhat  slower. 

4.  Magnetic  cores  of  transformers  and  generator  arma- 
ttires  are  made  of  a  special  grade  of  steel  with  a  high  permeabil- 
ity, in  order  to  reduce  the  hysteresis  losses.  If,  however,  the 
steel  is  subjected  to  too  high  a  temperature,  even  for  only  an 
hour  or  two,  its  magnetic  properties  may  be  so  impaired  that  it 
will  always  afterwards  have  larger  hysteresis  losses  and,  con- 
sequently, will  heat  unduly,  even  tmder  light  loads.  This  eCFect 
becomes  accumulative  in  some  degree;  the  greater  losses  pro- 
duce higher  temperattires,  which  still  further  damage  the  iron. 
Experience  has  shown  that  for  the  grades  of  steel  now  in  use 
for  magnetic  cores,  the  temperature  limits  given  above  for 
cotton  insulation  are  about  correct. 

5«  Knife-blade  switches  so  constructed  as  to  depend 
partly  on  elasticity,  or  spring  effect,  of  the  copper  parts  for 
tightness  of  electric  contact  should  never  be  heated  to  the  point 
at  which  the  temper  of  the  copper  is  reduced.  Operation  at  a 
lower  temperature  may  be  carried  on  without  injury.  As  com- 
mercial copper  differs  so  much  in  quality,  it  is  impossible  to 
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name  the  critical  temperature  at  which  the  temper  is  drawn, 
but,  for  many  kinds  of  switches  in  use,  it  is  about  75**  C,  or 

6.  Bare  copper  used  for  conductors  into  which  the  joints 
are  secured  by  more  reliable  means  than  the  spring  effect,  as, 
for  instance,  by  bolts,  may  be  much  hotter  without  injury, 
and  a  temperature  of  212**  to  23(f  F.  would  not  be  dangerous. 
However,  it  is  important  to  observe  whether  or  not  the  high 
temperature  is  causing  expansion  of  the  copper,  which  may 

TABLE  I 
SAFE   TEUfPEBATUBE    OF   TRANSFOBMEIB    OIL 


Per  Cent,  of 
FuULoad 

Excess  Temperature 

Safe  Temperature 

of  Coils  Over  OU 

of  Oil,  Coils  at  90°  C. 

Degrees  C. 

DegneBC. 

40 

2 

88 

60 

4 

86 

80 

■7 

83 

100 

10 

80 

120 

15 

75 

140 

20 

70 

160 

26 

64 

180 

33 

57 

200 

40 

50 

result  in  a  mechanical  strain  at  any  of  the  joints,  a  condition 
that  might  cause  poor  contact  and  excessive  heating  at  the 
joint. 

7.  Bearings  of  machines  should  not  be  operated  at  tem- 
peratures that  would  cause  the  Babbitt  to  soften,  but  if  the 
bearings  are  kept  properly  oiled  there  is  not  much  danger  of 
this  trouble.  Babbitt  bearings  may  be  safely  run  at  160*^  F., 
or  71**  C,  and  brass  bearings  still  hotter.  If  the  hand  can  be 
held  on  the  outside  of  a  bearing  without  great  discomfort,  the 
temperatiu-e  is  usually  safe.  It  should  be  borne  in  mind  that 
the  internal  temperature  of  a  bearing  is  much  hotter  than  the 
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external,  and  the  sensation  experienced  by  placing  the  hand 
on  the  outside  of  the  bearing  should  be  only  a  guide  to  enable 
the  operator  to  judge  as  to  the  internal  condition. 

8.  Oil  used  for  cooling  transformers  is  partly  carbonized 
by  long,  continued  overheating.  The  result  is  the  formation 
of  a  thick,  muddy  deposit,  which  settles  in  the  oil  passages 
and,  in  time,  so  obstructs  the  circulation  of  oil  as  to  cause 
overheating  of  the  transformers.  The  temperature  of  the  oil 
may  "be  regarded  as  a  fairly  good  means  of  obtaining  the 
approximate  internal  temperattire  of  the  coils.  The  values 
given  in  Table  I  may  be  safely  used  for  this  purpose.  The 
temperature  of  the  oil  is  taken  at  the  surface  and  near  the 
transformer  casing.  

OPERATION  OF  ELECTRIC  MOTORS 


DIRECT-CURRENT  MOTORS 


PRELIMINARY    INSPECTION 

9.  A  direct-current  motor,  when  set  up  and  connected, 
should,  before  being  started,  be  given  a  critical  inspection,  with 
a  view  to  determining  its  mechanical  and  electrical  condition. 
The  armature  must  rotate  freely  in  its  bearings,  all  the  elec- 
tric contacts  must  be  good,  the  machine  anchored  securely  in 
its  position,  the  connections  correct,  and  the  brushes  well  seated 
and  tmder  proper  tension  on  the  conmiutator. 


SHUNT    MOTORS 

10.  starting. — Direct-current  motors  larger  than  about 
i  horsepower  are,  in  almost  aU  cases,  started  at  a  suitably 
reduced  voltage,  in  order  to  avoid  too  great  a  current,  whidi 
might  injure  the  windings.  The  most  common  method  of 
obtaining  the  reduced  pressure  for  starting  is  by  means  of  a 
starting  box,  or  rheostat,  inserted  in  the  armature  circuit.  The 
procedure  in  starting  a  motor  so  equipped  is  as  follows: 
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1.  See  that  the  starting  resistance  is  all  in  circuit,  that  is, 
the  ann  of  the  rheostat  is  in  the  starting  position. 

2.  Close  the  main  armature  switch  (line  switch)  or  circuit- 
breaker. 

3.  Slowly  move  the  arm  of  the  starting  rheostat  from  its 
initial  position,  point  by  point,  imtil  it  has  reached  the  limit 
of  travel  and  all  the  resistance  is  cut  out.  If,  instead  of  a  sim- 
ple starting  box,  the  starting  resistance  is  also  used  to  control 
the  speed,  stop  cutting  out  resistance  when  the  desired  speed 
has  been  reached. 

4.  If  the  starting  box,  or  speed  controller,  has  an  auto- 
matic low-voltage  release,  see  that  the  arm  is  securely  held  in 
place  by  the  retaining  magnet. 

5.  Examine  the  motor  to  see  if  the  bearings  are  getting 
sufficient  oil  and  if  the  commutation  is  practically  sparkless. 

If  the  motor  fails  to  start  on  the  first  step,  the  rheostat  arm 
should  be  moved  promptly  to  the  second  step  and,  if  necessary, 
to  the  third  step.  If  the  motor  fails  to  start  on  the  third  step, 
the  line  switch  should  be  opened  at  once,  the  rheostat  arm 
allowed  to  go  to  the  ofl-position,  and  an  inspection  b^im  for 
fatdty  connections,  overload,  etc. 

The  foregoing  instructions  do  not,  of  course,  apply  to  motors 
equipped  with  automatic  starters. 

11.  Time  Required  for  Acceleration. — ^The  time 
required  for  speeding  up  the  armature  of  a  direct-current  motor 
is  dependent  on  the  size  and  weight  of  the  rotating  mass.  An 
armature  of  a  1-horsepower  motor  shotdd  ordinarily  not  require 
more  than  about  15  seconds  for  bringing  it  from  rest  to  full 
speed.  If,  however,  there  is  mechanically  connected  to  the 
armature,  either  by  direct  coupling  or  by  belt,  a  rotating  body 
having  a  large  amount  of  weight  at  a  considerable  distance  from 
the  center  of  rotation,  the  time  of  acceleration  should  be  con- 
siderably increased.  Failure  to  observe  this  precaution  may 
result  either  in  blowing  the  fuse  in  circuit  with  the  motor  or, 
possibly,  in  damaging  the  motor  armature.  Twenty-five  sec- 
onds is  ordinarily  sufficient  for  speeding  up  a  motor  of  from 
25  to  75  horsepower  if  there  is  no  heavy  connected  load,  and 
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motors  up  to  500  horsepower  may  be  accelerated  in  from  60  to 
70  seconds. 

K  there  is  an  ammeter  in  the  motor  circuit,  its  indications 
will  be  the  best  possible  guide  as  to  the  proper  rate  of  cutting 
out  starting  resistance.  If  the  starting  rheostat  has  a  con- 
siderable ntunber  of  contact  points,  as,  for  instance,  ten  or 
fifteen,  the*  rheostat  arm  may  be  moved  just  fast  enough  to 
prevent  the  current  from  becoming  greater  than  about  80  per 
cent,  of  the  initial  rush  of  starting  current.  If  the  starting 
rheostat  has  only  a  relatively  small  number  of  contact  points, 
as,  for  instance,  from  three  to  six,  the  arm  or  switch  blade 
should  be  held  at  each  point  until  the  current,  as  indicated  by 
the  ammeter,  has  practically  stopped  decreasing  in  value,  at 
which  time  another  section  of  resistance  should  be  cut  out. 

When  ammeters  are  installed,  they  should  be  frequently 
observed,  as  their  indications  enable  the  operator  to  know  at 
once  whether  or  not  the  motor  is  taking  too  large  a  current. 
As  a  rule,  such  instruments  are  not  provided  in  connection  with 
small  motors  and  only  infrequently  with  moderate-size  ones. 

12.  Running. — During  the  operation  of  the  motor, 
routine  inspections  should  be  made  to  see  that  no  mechanical 
or  electrical  trouble  is  developing. 

The  field  circuit  of  a  shtmt  motor  or  the  shunt-field  circuit 
of  a  compoimd-wotmd  motor  should  never  be  opened,  even 
for  an  instant,  while  current  is  being  supplied  to  the  armature, 
as  the  result  may  be  such  a  dangerous  increase  in  speed  as  to 
cause  the  rotating  parts  to  be  seriously  damaged.  In  some 
such  cases,  the  centrifugal  force  is  Sufficient  to  cause  the  com- 
mutator to  fly  to  pieces  and  the  conductors  of  the  armature 
winding  to  fly  out  of  their  slots;  this  constitutes  one  of  the 
dangers  of  physical  injury  incident  to  improper  operation  of 
shunt-  and  compound-wotmd  motors.  It  is  customary  to 
protect  motors  against  such  a  result  by  inserting  current  inter- 
rupting, or  cut-out,  devices  in  the  motor-armature  circuit.  When 
the  current  in  the  field  circuit  is  interrupted,  the  magnetic  flux 
cut  by  the  armature  conductors  is  very  much  reduced  and  the 
coimter  electromotive  force  of  the  motor  is  also  reduced,  thus 
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permitting  a  larger  current  in  the  armattire.  If  the  current- 
interrupting  devices,  either  fuses  or  circuit-breakers,  operate 
quickly  enough,  damage  is  avoided,  but  in  many  cases  the 
acceleration  is  so  rapid  that  the  time  element  of  fuse  or  circuit- 
breaker  allows  a  dangerous  speed  to  be  reached  before  the  circuit 
is  opened. 

Speed  control  of  both  compound  and  shimt  motors  is  some- 
times effected  by  the  use  of  a  variable  resistance  in  the  armattire 
circuit.  The  operator  should  examine  this  resistance  often 
enough  to  satisfy  himself  that  it  is  not  overheating,  and  that 
there  are  developing,  in  resistance  conductors,  contact  arm,  or 
contact  buttons,  no  faults  that  could  result  in  opening  the 
circuit. 

Before  shutting  down  the  motor,  the  operator  should  assure 
himself  that  the  bearings  are  not  heating  tmduly.  Overheated 
Babbitt  may  seize^  or,  as  it  is  frequently  expressed,  freeze ^  when 
cooled,  and  thus  render  it  impossible  to  txim  the  armature  when 
cold.  This  remark  applies  with  equal  force  to  all  rotating 
machinery,  and  special  mention  of  procedtire  in  handling  bear- 
ing troubles  is  given  later. 

13.  Stopping. — ^The  usual  procedure  in  shutting  down  a 
motor  is  to  simply  open  the  main  switch  or  the  circuit-breaker. 
When  this  is  done,  all  automatic  devices  return  to  their  normal 
starting  positions,  so  that  if  the  switch  is  again  closed  no  harm 
will  result.  After  the  motor  is  at  rest,  the  operator  should, 
however,  carefully  inspect  the  automatic  devices,  in  order 
to  see  that  they  have  operated  properly.  The  arm  of  a  start- 
ing box  provided  with  automatic  release  should  never  be  forced 
back  to  stop  a  motor;  that  type  of  rheostat  is  not  designed  for 
interrupting  the  current.  Some  types  of  combined  starting 
and  speed-control  rheostats  are  made  to  open  the  motor  cir- 
cuit; but  even  with  these,  it  is  advisable  to  open  the  line  switch, 
if  the  motor  is  to  remain  idle  for  some  time. 

With  most  drum-type  controllers  used  with  machine-tool 
equipment,  a  qxiick  stop  can  be  made  by  moving  the  handle 
quickly  to  the  first  running  notch,  holding  it  there  for  a  moment, 
and  then  moving  it  to  the  off-position.    An  emergency  stop 
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can  be  made  by  moving  the  handle  to  the  first  running  notch, 
letting  it  rest  there  momentarily,  and  then  moving  it  to  the 
first  reversing  notch.  This  last  method  should  never  be  used 
except  in  emergency,  and  in  using  it  the  handle  should  never 
be  moved  beyond  the  first  reversing  notch. 

14.  Reversing. — The  direction  of  rotation  of  the  motor 
armatiu-e  can  be  reversed  by  reversing  the  direction  of  the  cur- 
rent in  either  the  armature  or  the  field  circuit,  but  not  in  both. 
If  the  motor  is  provided  with  a  reversing  switch  for  this  pur- 
pose, it  is  used  in  the  armature  circuit.  If  no  reversing  switch 
is  provided,  the  current  supply  should  be  cut  off  and  the  arma- 
ttire  allowed  to  come  to  rest.  Either  the  field  or  the  armature 
terminals  may  then  be  reversed  according  to  convenience. 


COMPOUND    HOTOBS 

15.  Polarity  Test. — Before  starting  a  compound-wound 
motor  for  the  first  time,  see  that  the  series  and  shunt  fields  agree 
in  direction,  imless  intended  to  act  diflferentially.  The  test  for 
polarity  may  be  made  by  opening  the  series  field  circuit  of  the 
motor  and  sending  current  through  the  shimt  circuit,  as  in  Fig.  1 
(a) ,  observing  by  means  of  a  pocket  compass  or  permanent  bar 
magnet  the  polarities  of  the  pole  pieces,  then  disconnecting  the 
shimt  circuit,  sending  current  through  the  series  circuit  in  the 
direction  that  it  will  have  in  operation,  and  repeating  the  obser- 
vation for  polarity.  Under  the  latter  condition,  the  field  flux 
will  generally  be  rather  weak,  even  when  the  current  is  equal 
to  the  full  ampere  rating  of  the  motor,  and  it  is  important  that 
the  device  used  for  determining  the  polarity  be  fairly  sensitive. 
In  testing  the  series  circuit,  it  is  generally  necessary  to  limit 
the  current  by  a  suitable  resistance,  such  as  a  bank  of  incan- 
descent lamps,  connected  as  shown  in  (6). 

16.  Oi>eratlon. — ^The  methods  of  procediu^  followed  in 
the  operation  of  compound-woimd  motors  are  similar  in  some 
respects  to  those  used  for  shunt  motors. 

A  compound-wound  motor  can  be  started  and  stopped  in  the 
same  manner  as  a  shunt  motor.    Owing  to  the  influence  of  the 
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series  current,  the  accumulative  compound  motor  has  a  strong 
starting  torque.  Its  speed  regulation  is  not  as  good  as 
that  of  a  shunt  motor  and,  in  some  cases  where  good  speed 
regulation  is  of  im- 
portance, a  special 
provision  is  made  for 
shimting  the  series 
field  after  the  arma- 
ture is  up  to  speed. 
Care  must  be  taken 
that  the  special  shunt 
circuit  has  good  con- 
tacts and  low  resis- 
tance, or  else  a  consid- 
erable current  will  still 
pass  through  the  series 
field.  The  operator 
should  frequently  ex- 
amine all  the  contacts 
in  this  shunt  to  see 
that  they  are  clean 
and  to  prevent  the 
development  of  a  re- 
sistance that  is  high 
as  compared  with  that 
of  the  series-winding. 
The  direction  of  ro- 
tation of  the  armattire 
should  be  reversed  by 
changing  the  direction 
of  current  in  the 
armature  rather  than 
in  the  fields,  since 
there  are  two  field 
windings,  each  of 
which  would  require  reversal,  thus  making  the  change 
more  diflScult  and  increasing  the  liability  of  making  wrong 
connections. 


Lin^Smteh 


LjqnyfBmtM 


mm 


Pic.  1 


Digitized  by  LjOOQIC 


10  OPERATION  OF  §56 


SERIES   MOTOBS 

17.  Series-wound  motors  are  generally  used  for  heavy 
duty  where  speed  regulation  is  of  comparatively  little  impor- 
tance. Like  shtmt  motors,  they  are  started  with  a  resistance 
to  limit  the  flow  of  current.  In  many  cases,  as  in  electric  cars, 
this  starting  device  is  so  designed  as  to  perform,  also,  the  duties 
of  a  controller  for  starting,  stopping,  and  reversing  the  motor 
and  for  regulating  speed. 

A  characteristic  of  series  motors  is  that  when  running  imloaded 
their  speed  becomes  excessive.  This  is  a  dangerous  condition 
and  should  be  avoided  by  mechanically  connecting  such  motors 
so  that  the  load  can  never  be  entirely  removed,  as  by  coupling 
or  gearing  to  the  driven  machine. 


AI/TERNATING-CIIRIIENT  MOTORS 


STABTINO 

18.  Procedtire. — ^Alternating-current  motors,  both  induc- 
tion and  s3mchronous,  require  for  starting  and  acceleration  a 
current  several  times  that  required  for  full-load  operation. 
Alternating-current  motors,  unless  of  very  small  capacity,  can- 
not be  started  at  full  potential  on  accoimt  of  the  voltage  drop 
that  would  be  caused  by  the  heavy  rush  of  current,  and  also 
on  account  of  the  possibility  of  fuses  being  blown  or  windings 
injured  by  the  large  currents.  The  reduced  voltage  necessar}' 
for  starting  is  derived  from  a  starting  compensator,  or  auto- 
starter,  or  from  sectional-winding  connections  in  the  trans- 
formers supplying  the  motor,  or  by  the  use  of  a  starting  rheostat 
similar  to  those  used  with  direct-current  motors.  A  starting 
compensator  constitutes  a  main-supply  switch  as  well  as  a 
starting  device,  but  an  additional  main-supply  switch  is 
generally  installed. 

The  procediu-e  in  starting  an  alternating-current  motor, 
either  induction  or  synchronous,  by  the  starting  compensator 
is  as  follows: 
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With  the  lever  of  the  starting  compensator  in  the  off,  or 
open,  position,  dose  the  main  supply  switch  and  all  other 
switches  in  series  between  the  compensator  and  the  supply, 
thereby  bringing  the  supply  pressiire  up  to  the  terminals  of 
the  starting  compensator  switch. 

Throw  the  lever  of  the  compensator  into  the  starting  posi- 
tion and  leave  it  there  while  the  rotor  is  accelerating  in  speed. 

When  the  rotor  is  up  to  speed,  or  nearly  so,  throw  the  lever 
arm  of  the  compensator  quickly  over  into  the  running  position. 
In  some  cases,  a  latch  is  arranged  to  catch  and  hold  tiie  lever 
in  the  off-position  if  the  movement  from  starting  to  running 
position  is  made  too  slowly. 

In  starting  a  motor  with  reduced  potential  derived  from  sec- 
tional taps  from  the  transformer  supplying  the  machine,  a 
double-throw  switch  similar  to  the  switch  of  the  compensator 
can  be  used,  or,  if  preferred,  two  separate  switches  so  inter- 
locked, mechanically  or  electrically,  that  only  one  switch  can 
be  closed  at  a  time.  The  procediu^  is  the  same  as  that  for 
starting  by  the  compensator,  but  the  danger  of  running  tem- 
porarily on  reduced  voltage  is  not  so  great  provided  the  motor 
is  running  light.  With  reduced  voltage,  an  induction  motor 
will  run  slower  than  normal,  but,  if  unloaded,  will  not  heat 
seriously,  and  the  transformer  will  not  be  damaged. 

19.  Time  Required  for  Acceleration. — ^Except  in  the 
case  of  a  large  motor,  that  is,  one  having  rotating  masses  at  a 
considerable  distance  from  the  center,  the  time  required  for 
the  rotor  to  reach  full  speed  will  usually  be  rather  short,  gen- 
erally less  than  1  minute.  A  5-horsepower  motor  with  a  rotor 
from  12  to  16  inches  in  diameter  should  be  up  to  full  speed  in 
from  10  to  15  seconds;  a  50-horsepower  motor  with  a  rotor 
having  a  diameter  from  18  to  25  inches  should  be  at  full  speed 
in  20  to  25  seconds;  and,  in  the  larger  sizes,  a  500-horsepower 
motor  with  a  rotor  5  or  6  feet  in  diameter  ordinarily  requires 
about  40  to  45  seconds  to  reach  full  speed. 

The  operator  will  very  quickly  learn  to  recognize  full  speed 
by  the  sound  produced  by  the  rotating  body.  If  there  is  a 
connected  load,  so  that  the  motor  is  pulling  against  a  consider- 
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able  mechanical  drag,  the  operator  should  be  very  careful  to 
observe  the  rate  of  change  in  tone,  and,  if  possible,  change  the 
supply  voltage  from  starting  to  running  pressure  slightly  before 
the  motor  has  reached  a  constant  speed.  If  the  starting  pres- 
sure is  applied  too  long,  the  motor  will  be  running  at  reduced 
potential  and  with  excessive  slip,  and  the  starter  may  be  over- 
heated. The  autotransformers  in  such  a  starter  are  designed 
to  be  in  service  only  a  few  seconds  at  a  time,  usually  not  to 
exceed  a  minute;  the  copper  and  iron  parts  are  therefore  much 
smaller  and  the  cooUng  arrangements  are  less  complete  than  in  a 
device  intended  for  continuous  service. 

20.  Causes  of  Poor  Acceleration. — When  an  alternat- 
ing-current motor  appears  to  speed  up  too  slowly,  the  cause  is 
generally  either  too  much  load  or  too  low  a  starting  voltage. 
Low  starting  voltage  may  be  due  to  taking  the  starting  circuit 
&x>m  the  wrong  taps  in  the  compensator  windings,  or  to  a  poor 
electric  contact  either  in  the  compensator  switch  or  in  the 
external  circuit. 

21.  Field  Excitation  of  Synclironoiis  Motors. — ^When 
the  procedure  just  given  has  been  followed  in  starting  and 
accelerating  an  induction  motor,  the  operation  is  complete.  A 
synchronous  motor,  however,  must  have  its  field  winding  excited 
with  direct  current  before  it  can  be  put  under  load.  When  the 
motor  has  reached  full  speed,  the  field  switch  and  all  other 
switches  in  the  circuit  between  the  direct-current  supply  and 
the  field  windings  should  be  closed. 

The  correct  excitation  of  a  synchronous  motor  is  a  matter  of 
considerable  importance.  If  overexcited,  the  motor  will  oper- 
ate with  a  leading  current;  if  underexcited,  the  current  will  be 
lagging.  Either  condition  results  in  sending  through  the  arma- 
ture a  larger  current  than  is  necessary,  causing  avoidable  heat- 
ing of  the  armature  winding.  Under  ordinary  conditions, 
therefore,  the  field  current  should  be  adjusted  to  such  a  value 
that  the  motor  operates  at  unity  power  factor. 

22.  For  the  correct  determination  of  the  proper  amount 
of  field  current,  either  an  ammeter  or  a  power-factor  indicator 
is  required.    In  connection  with  large  tmits,  the  power-factor 
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indicator  is  generally  installed,  but  with  smaller  installations 
an  ammeter  is  commonly  used  on  accotmt  of  its  lesser  cost. 

In  using  the  power-factor  indicator,  the  rheostat  in  the  motor- 
field  circuit  should  be  so  adjusted  that  the  pointer  on  the  instru- 
ment will  remain,  as  nearly  as  possible,  at  the  100  per  cent, 
mark. 

An  alternating-current  ammeter  in  the  armatiu^  circuit 
can  be  used  for  the  proper  regulation  of  the  power  factor, 
although  it  does  not  indicate  the  power  factor  directly.  At 
unity  power  factor,  all  the  current  is  in  phase  with  the  voltage, 
and  for  a  given  amount  of  energy  ^nd  a  given  voltage  the  cur- 
rent is  then  the  least.  Therefore,  if  the  operator  adjusts  the 
field  rheostat  of  the  motor  so  that  either  strengthening  or 
weakening  the  field  will  increase  the  amount  of  current,  as 
indicated  by  the  ammeter,  the  condition  of  imity  power  factor 
will  be  obtained. 

The  power  factor  of  a  synchronous  motor  running  with  a  load 
that  is  small  compared  with  its  capacity  cannot  be  maintained 
at  unity  except  by  continual  attention.  Such  close  attention 
is,  however,  tmnecessary,  as,  although  the  wattless  component 
of  the  current  in  a  synchronous  motor  running  on  light  load 
is  a  very  large  percentage  of  the  total,  the  actual  energy  being 
supplied  is  small;  consequently,  the  total  current  may  not  be 
large  enough  to  be  objectionable. 

23.  Sometimes,  owing  to  conditions  beyond  the  control 
of  the  operator,  unity  power  factor  cannot  be  obtained  in  the 
operation  of  a  synchronous  motor.  As  a  synchronous  motor 
can  be  overloaded  in  ciurent  by  improper  field  adjustment, 
even  though  delivering  less  than  the  rated  mechanical  load, 
the  current  input  should  then  be  carefully  watched.  If  the 
motor  is  provided  with  an  ammeter,  instead  of  a  power-factor 
indicator,  the  load  condition  can  be  observed  directly,  and,  as 
the  normal  full-load  ctirrent  rating  of  the  machine  is  usually 
marked  on  the  name  plate,  it  is  possible  to  determine  whether  or 
not  the  motor  is  overloaded  in  cturent  and  by  what  amount.  If 
no  ammeter  is  provided,  the  cturent  load  cannot  be  f  oimd  without 
the  use  of  a  voltmeter,  a  wattmeter,  and  a  power-factor  indicator. 
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Example. — During  the  operation  of  a  6,600-volt,  250-kilowatt,  single- 
phase,  synchronous  motor,  the  instrument  indications  are  as  follows: 
Voltmeter,  6,000;  power-factor  indicator,  .80;  wattmeter,  200  kilowatts. 
The  normal  current  rating  of  the  motor  is  38  amperes.  How  much,  if 
any,  overload  is  the  motor  taking? 

Solution. — ^As  shown  in  Alternating  Currents,  watts— volts X amperes 

X  power  factor,   or  amperes = — ^r-— *— i— •    Then,  the  current 

*^  '  ^  volts Xpower  factor  ' 

200X1  000 
taken  by  the  motor  is  "aooovM "^^'^  amp.,  nearly.    The  overload  is 

41.7-38=3.7  amp.,  or  3.7-i-38=9.7  per  cent.    Ans. 

It  is  worthy  of  note  that  in  this  example  two  factors,  low 
voltage  and  low  power  factor,  combine  to  produce  the  overload. 
With  normal  voltage,  the  low  power  factor  would,  in  this  case, 
have  caused  the  motor  to  take  only  its  full  rated  current;  with 
tinity  power  factor  and  the  voltage  at  6,000,  the  motor  would 
have  taken  only  33.3  amperes. 

In  applying  the  forgoing  method  of  calculation  to  a  three- 
phase  motor,  it  is  essential  to  know  whether  the  voltmeter 
is  connected  between  neutral  and  phase  wire,  indicating  star 
pressure,  or  between  two  phase  wires,  indicating  delta  pressure. 
If  delta  pressure  is  indicated,  the  expression  for  ciurent  is 

watts 

amperes=j  yg^xvoltsXpower  factor 

24.  Synchronous  motors  are  sometimes  operated  with 
overexcited  fields,  in  order  to  compensate  for  the  low  power 
factor  produced  on  a  distribution  line  and  at  the  generating 
station  by  induction  motors.  If  the  induction-motor  load  on 
the  distribution  line  is  large  in  comparison  with  the  synchronous- 
motor  load,  complete  compensation  for  the  lagging  current  due 
to  the  induction  motors  may  not  be  possible.  The  compensation 
must  not  be  carried  beyond  the  safe  carrying  capacities  of  the 
armattire  conductors  of  the  synchronous  motors.  All  the  precau- 
tions against  overloading  must  be  taken,  and  the  operator  should, 
if  possible,  take  observations  to  determine  the  power  factor  on 
the  supply  line  at  a  point  between  the  generator  and  the  motors. 

25.  Effect  of  Interrupted  Circuit. — If  the  alternating- 
current  supply  to  a  synchronous  motor  is  interrupted,  even  for 
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a  second  or  two,  the  speed  of  the  rotor  will  be  reduced  by  the 
retardation  of  the  mechanical  load,  and  the  electromotive  force 
generated  by  the  motor  will  be  lower  in  frequency.  To  restore 
the  full  voltage  of  the  supply  circuit  at  such  a  time  will  prob- 
ably cause  an  abnormal  current  and  a  resulting  mechanical 
shock,  the  severity  of  which  will  be  in  proportion  to  the  dif- 
ference between  the  instantaneous  pressures  of  line  and  motor 
at  the  time  the  circuit  is  completed.  This  difference  is  greatest 
when  the  motor  and  line  electromotive  forces  are  out  of  phase 
by  180  electrical  degrees.  The  interrupted  supply  to  a  syn- 
chronous motor  should  not  be  restored  except  through  the 
proper  starting  procedtire. 

Induction  motors,  being  non-synchronous,  are  not  required 
to  operate  under  such  exacting  conditions  as  synchronous 
motors,  although  if  the  current  supply  is  interrupted  long  enough 
to  permit  any  considerable  reduction  in  speed,  the  motor  switch 
should  be  opened.  When  the  cause  of  the  interruption  has  been 
remedied,  the  motor  should  be  started  in  the  usual  way.  In 
some  cases,  the  starters  are  provided  with  no-voltage  releases 
that  automatically  retiun  the  contacts  to  the  off-position  when- 
ever the  current  is  cut  off;  in  other  cases,  the  starters  must  be 
opened  by  hand. 

26.  Obsepvation  of  Slip. — ^The  speed  of  an  induction 
motor  decreases  slightly  as  the  load  increases.  As  soon  as  pos- 
sible after  taking  charge  of  an  induction  motor,  the  operator 
should  determine  the  slip  that  occurs  at  various  loads,  and, 
if  operating  large  motors,  should  occasionally  take  observations 
to  see  if  the  sUp  is  greater  than  it  should  be.  Excessive  slip 
may  be  caused  by  poor  contacts  in  the  primary  or  secondary 
circuits.  Loose  bars  in  squirrel-cage  rotors  are  a  form  of  poor 
contact  in  secondaries. 
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OPERATION  OF  DmECT-CURRENT 
GENERATORS 


PRELIMINAIiY  INSPEC?nON 

27.  Generating  machinery  should  not  be  started  for  oper- 
ation without  first  being  subjected  to  a  careful  inspection. 
The  condition  of  the  brushes  and  of  all  electric  contacts  that 
are  liable  to  any  considerable  change  should  be  determined. 
Any  foreign  articles,  such  as  tools,  rags,  waste,  etc.,  found  in 
or  about  the  machine  should  be  removed.  If  possible,  the 
operation  of  the  switches  in  the  circuit  should  be  tested. 

The  condition  of  the  armature  switches  of  a  direct-current 
generator  is  a  matter  of  considerable  importance,  as  inatten- 
tion to  the  contacts  may  result  in  serious  overheating.  If  con- 
ditions permit,  each  switch  should  be  tested  by  being  closed 
and  opened  several  times  to  see  that  it  works  freely.  The 
armature  circuit  must  not  be  closed  to  Uve  busses  unless  the 
generator  is  up  to  speed  and  has  the  same  voltage  and  polarity 
as  that  of  the  busses;  otherwise,  the  busses  will  be  virtually 
short-drcuited  by  the  low  resistance  of  the  armatiue  circuit. 


SHUNT  GENERATORS 

28.  Starting.— A  direct-current  generator  should  be 
brought  up  to  normal  speed  gradually.  After  the  armature 
has  begun  to  rotate,  the  surface  of  the  commutator  should  be 
cleaned  by  using  a  cloth  or  piece  of  waste  slightly  moistened 
with  engine  or  dynamo  oil,  the  commutator  passing  first  imder 
the  oily  rag  and  then  immediately  under  a  dry  cloth  to  remove 
most  of  the  oil,  leaving  the  surface  very  slightly  moistened  with 
oil  and  free  from  accumulations  of  dirt.  During  the  latter  part 
of  the  acceleration,  the  operator  should  observe  the  polarity 
and  potential  of  the  generator. 


Digitized  by  LjOOQIC 


156 


ELECTRICAL  MACHINERY 


17 


//OH 


rr 
U 


C€tHruf0r 


29.  Tests  for  Polarity. — If  a  direct-current  generator  is 
to  be  paralleled  to  any  other  source  of  potential,  it  is,  of  course, 
necessary  that  the  polarities  of  both  be  alike.  It  is  also  neces- 
sary for  the  proper  indication  of  measuring  instruments  that 
the  direction  of  current  is  correct. 

If  a  direct-current  voltmeter  properly  connected  across  the 
open  leads  of  the  generator  armature  shows  a  reversed  indica- 
tion, the  polarity  is  incor- 
rect. The  voltmeter  indi- 
cation can  be  checked  by 
allowing  the  generator  to 
reach  full  speed  and  voltage 
and  then  switching  in  series 
between  each  armature  lead 
and  the  live  bus  to  which 
the  lead  is  intended  for 
connection  a  suflScient  num- 
ber of  incandescent  lamps 
in  series  to  require  for  full 
brilliancy  the  normal  volt- 
age of  the  machine.  If  the 
polarity  is  correct,  the 
lamps  will  not  hum;  if  it 
is  reversed,  they  will  bum 
at  approximately  full 
brilliancy.  The  connections 
for  reversed  polarity  are 
shown  in  Pig.  2.  For  a 
110-volt  system  and  110- 
volt  lamps,  the  distribution 
of  potential  will  be  as  indicated  in  (a)  if  the  polarity  of  the 
generator  is  reversed,  assuming  no  resistance  in  any  of  the  con- 
ductors except  the  filaments  of  the  incandescent  lamps. 

The  test  just  described  can  be  varied  to  suit  the  facilities 
at  hand.  For  example,  the,  generator  may  be  closed  on  one 
side,  or  terminal,  to  the  bus  on  which  it  is  to  operate,  and  all 
the  lamps  connected  between  the  other  armature  lead  and  its 
bus  connection,  as  shown  in  (fc).    If  the  polarity  of  the  machine 
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is  incorrect,  as  indicated,  the  lamps  will  bum  at  about  full 
brilliancy;  if  correct,  the  lamps  will  not  bum. 

Instead  of  the  lamps  connected  as  in  (6),  a  portable  volt- 
meter capable  of  taking  twice  the  normal  voltage  of  the  gen- 
erator can  be  used.  If  the  polarity  is  correct,  the  voltmeter 
indication  will  be  very  low — zero,  when  the  pressures  on  the 
machine  and  bus  are  equal.  If  the  polarity  is  incorrect,  the 
voltmeter  will  show  the  sum  of  the  machine  and  bus  voltages. 

30.  Ck>rrectloii  of  Reversed  Polarity. — If,  by  observa- 
tion and  test,  it  has  been  determined  that  the  polarity  is 
reversed,  the  armature  should  be  brought  to  rest  and  the  polarity 
corrected  by  the  safest  and  most  easily  appUed  method  avail- 
able. If  a  bus  to.  which  the  generator  can  be  connected  is  alive 
and  of  correct  polarity,  all  the  bmshes  of  one  polarity  (either 
positive  or  negative)  are  raised  from  the  commutator  and  the 
main  armature  switches  of  the  generator  are  then  closed.  This 
will  send  current  through  the  field  windings  in  such  a  direction 
as  to  produce  fields  of  the  proper  polarity.  After  a  few  seconds, 
the  armature  switches  are  opened,  care  being  taken  to  open 
the  circuit  very  slowly  by  gradually  increasing  the  distance 
between  the  knife  blade  and  the  contact  cUp. 

When  the  circuit  is  broken  in  this  nianner,  a  long,  flaming, 
hissing  arc  will  occur  at  the  switch,  but  the  operator  should 
feel  no  concern,  as  the  arc  is  perfectly  normal  tmder  this  con- 
dition. It  is  quite  important  that  the  switch  is  opened  slowly, 
as  a  quick  break  would  cause  to  be  established  in  the  highly 
inductive  field  circuit  an  electromotive  force  that  might  be  great 
enough  to  damage  the  insulation.  The  brushes  can  be  sepa- 
rated from  the  commutator  by  putting  paper  under  them. 

If  inconvenient  to  raise  all  of  the  brushes  of  one  polarity 
from  the  commutator,  a  machine  lead  can  be  disconnected 
between  the  armature  and  the  tap  for  the  shunt  field.  This 
is  really  the  safer  method  of  opening  the  armature  circuit, 
because,  in  the  first  method,  if  one  brush  is  overlooked,  there 
will  be  a  short  circuit.  It  should  be  remembered  that  the 
object  of  either  method  is  to  establish  a  current  in  the  field 
circuit,  but  not  in  the  armature  windings. 
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Further  directions  for  the  correction  of  reversed  polarity  of 
a  direct-current  generator  are  given  in  Operation  of  Electrical 
Machinery,  Part  2,  under  the  heading  Care  and  Maintenance 
of  Electric  Machinery. 

31.  Adjustment  of  Voltage. — ^When  the  polarity  is 
correct,  an  observation  should  be  taken  to  determine  the 
voltage  of  the  generator.  If  the  machine  is  to  be  connected 
to  busses  not  already  alive,  the  voltage  may  be  brought  to  nor- 
mal by  adjustment  of  the  field  rheostat  and  the  armatm^  may 
then  be  connected  to  the  busses  by  means  of  the  armattu^ 
switches.  The  voltage  is  adjusted  by  varying  the  current  in 
the  field  windings;  increasing  the  field  current,  increases  the 
voltage,  and  vice  versa.  If  a  series  rheostat  is  used,  the  field 
current  is  increased  by  cutting  rheostat  resistance  out  of  cir- 
cuit and  is  decreased  by  the  reverse  process.  With  a  shunt 
rheostat,  the  field  ciurent  is  increased  by  increasing  the  rheostat 
resistance,  and  vice  versa. 

32«  Correct  Voltage  for  Paralleling. — If  the  generator 
is  to  be  paralleled  to  some  other  soiu"ce  of  current,  as  a  storage 
battery  or  other  shimt-wound  generators,  the  voltage  must  be 
correct  for  paralleling.  The  correct  theoretical  voltage  of  the 
incoming  machine  depends  on  a  number  of  factors;  but,  prac- 
tically, it  may  properly  be  about  2  or  2J  per  cent,  higher  than 
that  of  the  busses  to  which  the  machine  is  to  be  connected. 
This  will  cause  the  generator  to  take  a  little^  load  as  soon  as 
connected,  which  is  not  objectionable,  if  not  too  great,  and  is 
generally  desirable  for  engine-driven  units,  as  it  is  not  advisable 
to  risk  motorizing  the  generator.  If  the  paralleling  is  done 
at  equal  pressures,  some  variable  condition  may  cause  a  reversal 
of  current  through  the  generator,  thus  tending  to  drive  it  as 
a  motor. 

If  the  load  is  steady  and  the  speed  regulation  of  the  driving 
power  of  the  generators  is  very  good,  the  voltage  differences 
just  given  can  be  reduced,  and,  if  conditions  are  sufficiently 
reliable,  paralleling  can  be  performed  at  equal  voltages.  With 
voltages  equal,  the  generator  is  brought  into  service  entirely 
without  load,  a  practice  that  can  be  recommended  when  the 
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conditions  are  favorable  or  when  a  slight  motorization  of  the 
generator  is  not  objectionable,  as,  for  instance,  when  the  gener- 
ator is  being  driven  by  a  synchronous  or  a  direct-current  motor. 
When  putting  a  generator  into  service  for  the  first  time  or 
when  the  proper  voltage  diflFerence  for  paralleling  is  not  known, 
it  may  be  regulated  to  2  or  2i  per  cent,  greater  than  that  on 
the  busses  to  which  the  machine  is  to  be  connected.  After 
paralleling,  the  rheostat  may  be  adjusted  until  the  load  is  as 
small  as  can  be  held  steadily  without  danger  of  reversal.  Then 
if  the  armature  switches  are  opened  and  readings  of  both  the 
bus  and  the  generator  pressures  taken,  the  operator  will  have 
obtained,  once  for  all,  the  most  desirable  relation  between 
generator  and  bus  voltages  for  safe  and  proper  paralleling  of 
these  particular  generators.  It  must  be  remembered  that  not 
all  machines  designed  for  the  same  voltage  require  precisely 
the  same  relation,  as  they  differ  greatly  in  armature  charac- 
teristics. 

33.  Adjustment  of  Load. — ^After  the  generator  voltage 
is  correctly  adjusted  and  the  main  armature  switches  are  closed, 
the  operator  should  at  once  observe,  by  the  ammeter,  the  amount 
of  load  taken,  in  order  to  see  that  no  unusual  or  dangerous 
condition  exists.  The  generator  may  then  be  put  under  load 
by  increasing  its  field  strength.  If  the  addition  and  loading 
of  the  generator  renders  necessary  the  transfer  of  load  from 
other  similar  machines,  the  reduction  of  load  on  the  others  is 
obtained  by  weakening  their  fields  by  means  of  the  rheostats. 
The  transfer  of  load  from  a  storage  battery  is  obtained  by 
reducing  its  potential  by  means  of  the  end-cell  switches,  booster 
generators,  or  other  means  provided  for  the  purpose.  The 
added  generator  may  then  be  continued  in  operation,  its  load 
being  regulated  by  the  field  rheostat,  increasing  the  field 
strength  to  increase  the  load  on  the  generator  and  weakening  the 
field  to  reduce  the  load. 

Though  the  operation  of  shunt  machines  in  parallel  is  a 
stable  condition,  tmsafe  load  conditions  can  be  developed  by 
transferring  to  one  or  more  machines  a  larger  load  than,  they 
can  carry  safely,  and  this  may  be  done  merely  by  reducing  the 
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load  on  some  other  unit.  This  emphasizes  the  importance  of 
observing  the  load  on  each  generator  every  time  that  a  change 
of  adjustment  is  made  in  the  load  on  any  one.  In  addition, 
routine  observations  of  load  conditions  should  be  made  at 
frequent  intervals,  the  frequency  of  inspection  depending  some- 
what on  the  character  of  the  service. 

34.  Regulation. — ^As  the  load  on  the  station  increases, 
that  oh  each  generator  is  also  increased  and  the  station  voltage 
is  reduced,  thus  requiring  an  increase  in  the  field  strength  of 
each  machine.  If  the  generators  are  so  designed  as  to  be  all 
alike  as  to  armature  characteristics,  and  if  under  the  lighter 
load  condition  all  were  loaded  in  the  same  proportion  to 
capacity,  then  imder  the  heavier  load  condition  this  propor- 
tion will  continue.  If,  however,  the  armatiu"e  characteristics 
of  the  different  generators  in  parallel  are  tmlike,  those  genera- 
tors having  the  largest  internal  armatiu^e  drop  will  take  less 
than  their  share  of  the  increase  of  load  and  those  having  the 
lesser  internal  drop  will  take  more  than  their  share  of  the 
increase.  If  the  generators  were  all  alike  as  to  armature 
characteristics,  but  not  loaded  alike  in  proportion  to  their 
capacities,  the  machines  carrying  the  largest  percentage  of  full 
load  would  take  less  than  their  proportional  part  of  the  increase. 
This  last-named  feattu-e  tends  toward  safety  of  load  distribu- 
tion, and  therefore  is  not  liable  to  develop  dangerous  load 
conditions.  With  imlike  characteristics,  however,  lack  of 
proper  attention  may  result  in  too  much  load  being  thrown  on 
some  of  the  machines. 

The  reverse  conditions  as  to  regulation  are,  of  course,  true, 
but  no  dangerous  load  conditions  are  liable  to  develop  as  a 
result  of  reduction  of  load  except  when  the  latter  gets  so  light 
as  to  interfere  with  the  proper  operation  of  the  driving 
machinery.  Some  types  of  steam  engines  do  not  work  reliably 
when  lightly  loaded,  and  care  should  be  taken  not  to  allow  the 
load  to  get  down  to  the  point  where  racing  or  unsatisfactory 
speed  regidation  results.  Such  conditions  cause  variations  in 
the  voltage  and  impair  the  service.  It  is  better  practice  to 
reduce  the  ntunber  of  imits  in  operation  imtil  those  remaining 
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in  service  are  fairly  well  loaded,  thus  improving  both  the 
regulation  and  the  ecxmomy. 

35.  Effect  of  Excessive  Overload. — K  a  load  equal  to 
several  times  normal  rating  is  thrown  on  a  shunt  generator,  its 
voltage  and  current  will  be  reduced  practically  to  zero.  Under 
such  a  condition,  although  the  armature  may  continue  to  rotate 
at  full  speed,  the  machine  will  be  without  electromotive  force 
imtil  the  excessive  load  is  removed.  Generally,  severe  sparking 
of  the  brushes  occurs  at  first  when  a  shtmt  machine  is  heavily 
loaded  or  short-circuited;  but  the  result  is  usually  not  destruc- 
tive, as  the  drop  in  pressure  causes  an  immediate  reduction  of 
field  current,  this  resulting  in  a  further  lessening  of  the  electro- 
motive force,  the  effect  being  cumulative  until  the  pressure 
and  current  are  both  zero. 


COMPOUND  GENERATORS 

36.  Paralleling. — ^A  compotmd  generator  is  started, 
accelerated,  observed  for  polarity,  and  regulated  for  voltage 
in  the  manner  described  for  shimt  machines.  But  the  parallel 
operation  of  compoimd-wound  generators  provided  with  the 
same  terminal  connections  as  shimt  machines  is  imstable. 
The  proper  closing  of  equalizer  switches  is  a  matter  of  extreme 
importance  in  connection  with  paralleling  compound-wound, 
direct-ciurent  generators,  and  the  operator  should  never  per- 
form the  paralleling  operation  without  first  checking  the  con- 
ditions of  the  equalizer  circuit  and  seeing  that  the  equalizer 
switch  is  closed.  Failure  to  do  so  may  result  in  motorizing 
one  of  the  generators,  reversing  its  polarity,  or,  in  some  cases, 
so  severely  overloading  the  windings  of  one  of  the  units  as  to 
cause  serious  damage. 

Two  forms  of  practice  are  followed  in  adjusting  the  generator 
pressure  before  paralleling:  The  pressure  of  the  incoming 
machine  is  adjusted  before  the  equalizer  switch  is  closed.  The 
series-field  windings  of  the  running  and  incoming  machines 
are  placed  in  parallel  by  means  of  the  equalizer  switches  and 
then  the  pressure  is  adjusted.    Though  the  first  method  is. 
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perhaps,  the  more  common,  the  latter  is  the  better  practice,  as 
the  compounding  effect  of  its  share  of  the  load  is  produced 
before  the  generator  is  connected,  thus  permitting  a  more  exact 
control  over  the  amount  of  load  that  will  be  taken  when  the 
paralleling  is  completed.  In  the  operation  of  railway  genera- 
tors, on  which  the  load  fluctuations  are  large,  one  method  is 
practically  as  good  as  the  other. 

37.  Regrulatlon. — ^A  change  in  voltage  of  a  compoimd 
generator  can  be  made  by  means  of  the  field  rheostat  as  with 
a  shunt  machine;  but  the  compoimding  effect  of  the  series- 
winding,  under  the  influence  of  load  changes,  performs,  auto- 
matically, much  of  the  regulation  that  would  require  manipu- 
lation of  the  rheostat  of  a  shtmt  machine.  If  the  compounding 
is  properly  adjusted,  the  series  field  will  correctly  regulate  the 
pressure  for  all  changes  in  load  within  limits,  and  the  com- 
pounding effect  can  be  changed  to  suit  the  required  conditions; 
that  is,  adjustment  can  be  made  to  give  a  constant  voltage  at 
the  station  busses,  or,  if  preferred,  a  little  overcompoimding 
can  be  produced  to  compensate  for  a  drop  in  pressure  in  the 
distribution  system  and  thus  to  maintain  a  constant  pressure 
at  some  designated  feeder  terminal. 

The  method  of  changing  the  amount  of  compoimding  is  to 
change  the  amoimt  of  resistance  in  the  German-silver  shtmt 
connected  in  parallel  with  the  series-field  winding.  If  additional 
compounding  is  desired,  more  current  is  diverted  through  the 
series-winding  by  increasing  the  resistance  of  the  shimt.  If 
less  compounding  effect  is  required,  the  resistance  of  the  shimt 
is  reduced. 

It  should  not  be  assumed  that  once  a  generator  is  started 
and  put  into  service  its  voltage  will  require  no  further  obser- 
vation or  adjustment;  because,  as  the  windings  heat  up  imder 
the  influence  of  the  load  current,  their  resistance  increases, 
which  increases  the  armature  drop  and  also  decreases  the  shunt- 
field  current.  For  this  reason,  the  operator's  attention  will  be 
required  to  see  that  the  proper  pressure  is  maintained. 

38*    Campound  Generators  WlUi  Storage  Batteries. 

On  account  of  the  increase  of  electromotive  force  as  the  load 
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increases,  a  compound-wound  generator  is  not  suitable  for 
operation  in  parallel  with  storage  batteries,  because  the  pressure 
of  a  storage  battery,  like  that  of  a  shimt  generator,  decreases 
as  the  load  increases.  As  soon  as  a  compound  generator, 
paralleled  with  a  storage  battery,  delivers  any  current  to  the 
battery,  the  effect  is  to  increase  the  voltage  of  the  machine, 
which  then  sends  more  current  through  the  battery,  the  effect 
becoming  accumulative  within  limits.  If  the  series-field  wind- 
ing is  shunted  by  a  heavy  copper  bar  and  the  series-field  circuit 
opened,  the  machine  is  converted  into  a  shimt  generator,  which 
operates  well  with  a  storage  battery. 


SERIES  GENERATORS 

39.  Series-wotmd  generators  are  used  principally  for  sup- 
plying constant  direct  current  for  series-arc-lamp  circuits.  No 
new  installations  are  being  made,  and  the  treatment  herein 
covers  only  the  general  principles  applicable  to  all  the  various 
types  of  series  generators  still  in  use. 

Care  must  be  taken  that  a  series  generate  is  correctly  con- 
nected to  the  circuit;  a  reversal  of  the  polarity  of  the  circuit 
will  cause  the  arcs  to  bum  upside  down. 

Usually,  one  circuit  is  connected  in  series  with  each  generator, 
but  two  or  more  circuits  can  be  connected  in  series  with  one 
another  and  the  combination  connected  to  one  machine,  pro- 
vided that  proper  attention  is  given  to  polarities  and  that  the 
total  voltage  required  by  all  lamps  does  not  exceed  the  voltage 
capacity  of  the  generator. 

If  one  generator  is  underloaded  and  another  in  the  same  sta- 
tion is  overloaded,  two  lamp  circuits  can  be  connected  in  series 
with  the  two  machines,  in  order  to  distribute  the  load  more 
evenly.  One  machine  is  then  generally  made  to  generate  a 
constant  voltage  by  making  its  automatic  regulator  inoperative, 
and  the  other  machine,  with  its  regulator,  takes  care  of  the  load 
changes.  Two  forms  of  connection  for  this  method  of  dis- 
tributing a  load  are  shown  in  Fig.  3,  in  which  arrows  are  drawn 
to  show  current  direction.    The  system  shown  in  (6)  has  the 
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advantage  over  (a)  of  placing  a  lower  voltage  to  ground  on  the 
generators  in  case  a  ground  occurs  on  a  lamp  circuit. 

40.    In  general,  the  lamp  circuits  should,  when  possible, 
be  connected  to  the  generators  before  the  machines  are  started. 


1  + 


Lamp  Ctrcuifs 
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Fig.  3 


A  lamp  circuit  should  never  be  disconnected,  luiless  the  voltage 
of  the  machine  to  which  the  circuit  is  connected  is  first  reduced 
to  practically  zero  by  short-circuiting  the  field,  the  armature,  or 
the  machine  as  a  whole. 
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Sparkless  comnmtation  on  an  arc  machine  is  not  to  be 
expected,  but  for  any  given  type  of  generator  there  is  a  normal 
spark  that  the  operator  should  learn  by  observation,  and  the 
cause  of  any  abnormal  sparking  should  be  promptly  located. 
Some  of  the  possible  causes  are  faulty  brush  setting,  poor  cur- 
rent regulation,  or  a  break  in  the  armature  circuit. 


FIELD  CIRCUITS  OF  DERECT-CURRENT 
GENERATORS 

41.  Self-Excited   Generators   With  Field   Switches. 

In  all  that  has  been  said  so  far  about  the  operation  of  both 
shunt-  and  compound-woimd  generators,  the  operating  prac- 
tice described  is  such  as  should  be  followed  with  machines 
connected  without  any  field  switches  or  other  convenient  means 
of  opening  the  field  circuit.  Direct-current  generators  oper- 
ating self-excited  shotdd,  in  general,  be  connected  without 
switches  in  the  shtmt-field  circuit. 

When  field  switches  are  provided,  it  is,  of  course,  necessary 
that  they  be  closed  before  the  unit  is  started,  or  the  machine 
will  not  generate.  It  is  even  a  matter  of  more  importance  that 
while  a  generator,  either  shunt  or  compoimd,  is  operating  in 
parallel  with  any  other  source  of  current,  its  field  circuit  be 
kept  closed.  If  the  field  circuit  should  be  opened,  either  by 
mistake  or  otherwise,  the  machine  having  no  excitation  would 
stop  generating,  and  the  armature,  still  connected  to  the  other 
source  of  current,  would  be  a  short  circuit  of  low  resistance. 
If  not  promptly  disconnected  from  the  bus-bars,  either  by  the 
operator  or  by  automatic  protective  devices,  the  other  units 
may  be  overloaded  and  damaged.  If  sufficient  capacity  in 
compound  generators  or  in  storage  batteries  is  in  parallel  with 
the  unit  with  the  open-field  circuit,  its  armature  will  be  burned 
out  if  not  disconnected  at  once. 

42.  Separately  Excited  Generators. — In  some  installa- 
tions, it  is  desirable  to  operate  generators  excited  either  from 
the  busses  or  from  a  special  exciting  set.  In  such  cases,  it  is 
necessary  that  the  precautions,  before  mentioned,  are  observed 
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with  reference  to  any  interruption  of  the  field  •circuit.  When 
generators  operating  in  parallel  are  neither  self-exdted  nor 
excited  with  current  from  the  load  busses,  all  should  be  excited 
from  the  same  exciter  set,  or  some  other  means  should  be  taken 
to  make  impossible  the  interruption  of  the  field-current  supply 
to  a  part  and  not  all  of  the  units. 


BusSars 


EDISON  THREE- WIRE  SYSTEM 

43.  All  the  foregoing  instructions  on  the  operation  of  direct- 
current  generators  applies  to  the  Edison  three-wire  as  well  as 
to  the  two-wire  system.  Only  the  system  of  connections  shown 
in  Fig.  4  requires  special  mention;  because,  though  the  oper- 
ation of  the  individual  generators  is  not  greatly  affected,  the 
r^;ulation  of  the  station  voltage  is  more  complicated  than  in 
the  two-wire  system. 

44.  Owing  to  the  importance  of  maintaining  nearly  con- 
stant voltage  at  customer's  premises,  general  central-station 
practice  is  to  regulate  /»#i*Ay 
the  bus-voltages  so  as  to 
give  standard  conditions  +- 
at  feeding  centers  in  the  -^ 
distribution  S3^tem. 
Observations  of  voltage 
at  these  points  are  ob- 
tained by  means  of 
voltmeters  connected 
through  pressure  wires 
to  the  feeder  terminals,  and  the  voltages  on  the  two  sides  of  the 
system  at  a  feeding  center  are  kept  equal.  It  is  therefore  nec- 
essary to  regulate  together  all  the  generators  on  each  side  of 
the  system  and  to  observe  carefully  the  result  on  the  relative 
pressures  of  the  two  sides. 

If  the  load  is  perfectly  balanced  throughout  the  distributing 
system,  the  bus  pressure  will  be  balanced  also,  but  this  is  a 
condition  that  seldom  exists,  and  usually  the  pressures  on  the 
two  sides  of  a  three-wire  system  are  tmlike  at  the  station.    If 
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it  is  observed  that  the  pressure  of  one  side  is  becoming  too  low 
or  too  high,  correction  should  be  made  in  the  same  manner  as 
on  a  two-wire  system;  but  when  regulating  pressure  on  one  side, 
attention  must  also  be  given  to  the  other  side.  High  or  low  pres- 
sure on  one  side  may  be  the  result  of  either  one  of  two  possible 
conditions:  Load  conditions  existing  on  one  side  and  not  on 
the  other  ntiay  make  one  side  high  or  low;  or  the  total  pressure 
between  the  positive  and  negative  sides  may  be  imdianged 
and  the  generators  on  one  side  may  be  delivering  a  higher  or 
lower  voltage  than  those  on  the  other,  although  the  connected 
load  may  be  the  same  on  each  side.  The  second  condition 
amoimts  practically  to  a  displacement  of  the  neutral  and  is  to 
be  corrected  by  regulating  the  generators  on  both  sides,  reducing 
pressure  on  the  high-voltage  side  and  raising  it  on  the  other. 


TIRRILL  REGULATORS  WITH  DIRECT-CIJRRENT 
GENERATORS 

45.  The  Tirrill  regulator  for  use  with  direct-current  gen- 
erators is  described  in  Direct- Current  Generators,  The  pro- 
cediu-e  in  the  operation  of  the  form  for  generators  of  small  or 
meditun  size  is  as  follows: 

Before  connecting  the  regulator,  mark  the  position  of  the 
generator  field  rheostat  arm  at  which  the  generator  pressure  is 
reduced  about  30  per  cent,  below  normal  when  the  regulator' 
is  not  in  operation. 

With  the  generator  in  operation  at  normal  volt^e  and  either 
with  or  without  load,  and  with  the  main  and  relay  contacts 
of  the  regulator  open,  dose  the  switches  connecting  the  main 
control  magnets  to  the  direct-current  supply  (if  any  such 
switches  are  provided),  and  dose,  also,  the  switches  connect- 
ing the  relay  contacts  to  the  field  rheostat.  Turn  the  rheostat 
arm  gradually  to  the  marked  position.  The  regulator  will  begin 
operation  as  soon  as  the  voltage  has  been  reduced  suffidently 
to  operate  the  relay,  and  afterwards  will  keep  the  pressure  at 
the  value  for  which  the  instrument  is  adjusted. 

K  one  or  more  generators  are  in  operation  with  Tirrill  r^u- 
lators,  another  may  be  connected  in  parallel  as  follows :  Equalize 
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the  voltage  of  the  incoming  machine  to  that  of  the  units  in 
operation,  dose  the  switches  connecting  the  regulator  relays 
to  the  field  rheostat  of  the  incoming  generator  and  dose  all 
other  regulator  switches  pertaining  to  this  tmit.  Close  the  main 
armature  switches.  Equalize  the  load  by  means  of  the  equal- 
izing rheostat  in  the  generator  that  has  the  most  sensitive 
regulation. 

46.  In  order  to  take  out  of  service  one  of  several  gener- 
ators in  parallel,  reduce  its  load,  open  its  armature  switches, 
and  then  open  the  regulator  switches  corresponding  to  this 
machine. 

To  take  the  regulator  out  of  service,  assuming  one  generator 
is  in  operation,  turn  the  arm  of  the  generator  fidd  rheostat 
toward  the  strong  fidd  position.  When  the  rdays  stop 
vibrating,  open  the  switch  that  connects  them  to  tihe  fidd 
rheostat.  Pressure  regulation  may  then  be  carried  on  by 
means  of  the  generator  fidd  rheostat. 

In  order  to  avoid  unequal  burning  of  the  main  and  rday 
contacts  of  the  regulator,  the  current  through  them  should  be 
reversed  about  every  6  hours  of  operation.  This  is  done  by 
means  of  the  small  reversing  switches  on  the  bottom  of  the 
regulator  pand.  If  the  contacts  bum  unevenly  or  devdop 
tips,  they  should  be  evened  with  a  strip  of  very  fine  emery 
paper  or  doth.  As  the  contacts  are  made  of  predous  metal, 
no  more  material  than  necessary  should  be  removed. 

47.  Large  direct-current  generators  to  be  regulated  with 
Tirrill  regulators  must  be  exdted  by  a  spedal  exdting  gener- 
ator, a  particular  form  of  regulator  being  used.  The  relays 
shtmt  the  fidd  rheostat  of  the  exdter  generator  instead  of  the 
main  generator  rheostat.  The  regulator  has  a  potential  coil 
supplied  from  the  main  generator,  load  busses,  or  back  feed 
from  the  feeding  center,  as  preferred.  If  a  switch  is  installed 
in  circuit  with  this  potential  coil,  it  must  be  dosed  before  start- 
ing the  regulator.  The  procediu^  is  as  follows:  With  the 
generator  in  service  at  normal  voltage  and  the  regulator  main 
and  rday  contacts  open,  dose  the  switches  connecting  the 
potential  coil  to  the  busses  or  generator  or  back  feed  from 
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distributing  center,  as  the  case  may  be,  and  close  the  switches 
that  connect  the  relays  to  the  exciter  field  rheostat.  Gradually, 
turn  the  exciter  field  rheostat  arm  to  the  position  that  would, 
under  normal  conditions,  cause  the  exciter  to  generate  a  pres- 
sure about  36  per  cent,  below  normal.  The  regulator  will  start 
operating  as  soon  as  the  generator  voltage  drops  enough  to 
start  the  relays.  Set  the  main  generator  field  rheostat  in  a 
position  for  a  strong  field,  if  this  setting  can  be  obtained  without 
disturbing  the  operation  of  the  regulator. 


ROUTINB  CAKE  AND  INSPECTION 

48.  During  operation,  direct-current  generators  should 
be  frequently  inspected  to  see  that  they  are  working  under 
proper  conditions.  Bearings  should  be  examined  at  least  every 
i  hour  to  see  that  a  su£Bcient  supply  of  oil  is  passing  through 
them  to  avoid  overheating.  The  commutator  should  be  kept 
dean,  and  care  should  be  taken  to  see  that  brushes  do  not  get 
hot. 

A  hot  brush  on  the  commutator  indicates  a  poor  contact 
and  relatively  high  resistance.  Frequently,  the  fault  is  on 
another  brush,  which,  unable  to  carry  its  proper  proportion  of 
the  load,  overloads  the  brush  in  parallel  with  it,  though  the 
latter  has  good  contact  and  relatively  low  resistance.  Not 
only  the  brushes  that  are  overheating  should  be  inspected,  but 
the  condition  of  the  others,  also,  should  be  observed.  If  only 
one  brush  on  a  stud  is  heating,  the  trouble  is  probably  confined 
to  that  one. 

49.  The  operator  should,  as  far  as  possible,  observe  the 
temperatiu"es  of  the  generators,  at  least  to  the  extent  of  feeling 
the  field  coils  and  placing  his  hand  in  the  air  discharge  from 
the  armature.  He  should  always  be  on  the  alert  for  any  odor 
of  burning  insulation  or  for  any  unusual  noise.  Any  of  these 
conditions  requires  his  immediate  and  continuous  attention 
until  the  cause  and  its  seriousness  are  determined  and  the  fault 
remedied.  A  generator  that  is  apparently  burning  out  or 
smoking  from  overload  should  be  rdieved  and  shut  down  as 
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quickly  as  possible.  Whether  it  shall  be  disconnected  before 
another  is  started  to  take  its  load,  or  continued  in  operation 
with  the  risk  of  further  damage  until  relieved,  depends  on  the 
character  of  the  service  and  the  extent  to  which  the  trouble 
has  already  progressed.  These  matters  are  for  the  operator 
to  decide  and  a  specific  rule  of  general  application  cannot  be 
given.  A  generator  that  breaks  down  while  operating  in  par- 
allel with  other  sources  of  current  may  short-circuit  the  latter 
and  cause  serious  damage;  therefore,  it  should  be  separated 
from  other  tmits  as  quickly  as  possible. 


OPERATION  OF  ALTERNATING-CURRENT 
GENERATORS 


FRELIHINART  INSPECTION 

50.  Alternating-current  generators  should  receive  the  same 
general  preliminary  inspection  as  direct-current  generators. 
The  operator  should  make  certain  that  each  machine  is  free 
from  foreign  objects,  such  as  tools.  The  brushes  should  be 
inspected  to  see  that  they  are  firm  and  secure  in  place  and 
make  good  contact  with  the  collector  rings.  If  possible  with- 
out connecting  the  machine  to  a  live  circuit,  the  switches  should 
be  tested  by  operation.  The  operator  should  assure  himself 
that  all  connections  have  been  properly  made  and  that  all 
connectors  are  firmly  secured. 

The  exciter  set  that  is  to  supply  the  field  current  should 
also  be  subjected  to  inspection.  It  is  a  mistake  to  assume 
that  because  the  exciter  set  is  small  and  somewhat  in  the  nature 
of  a  piece  of  auxiliary  apparatus,  it  can  be  neglected  without 
serious  risk.  Without  it,  or  some  other  source  of  exciting  cur- 
rent, the  alternating-current  generator  is  useless,  and  experience 
has  shown  that  in  alternating-current  installations  the  exciter 
generator  is  often  the  weakest  part.  The  operation  of  the 
exciter  is  carried  on  in  accordance  with  the  methods  already 
described  for  direct-cturent  generators. 
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OPERATION  OF  SINGLE  AIHITIRNATOR 

51.  starting. — If  the  exciter  set  is  driven  separately  from 
the  alternator,  it  should  be  up  to  speed  and  voltage  before  the 
alternating-current  generator  is  started.  This  is  merely  for 
convenience,  so  that  when  the  alternator  has  been  started, 
it  can  be  excited  without  delay.  In  installations  where  the 
exciter  is  belted  from  or  is  directly  connected  to  the  generator 
shaft,  this  convenience  is  not  possible.  If  the  alternator  is  to 
go  into  service  alone  and  is  to  pick  up  circuits  not  already  alive, 
it  is  brought  to  normal  speed  and  excited  with  a  weak  field; 
that  is,  with  the  rheostat  resistance  in  circuit  in  both  alter- 
nator and  exciter  fields,  causing  the  generator  to  deliver  a  low 
voltage  at  normal  frequency.  This  is  done  so  that  when  the 
generator  is  connected  to  the  dead  circuits,  which  may  have  a 
considerable  connected  load,  the  rush  of  current,  which  will 
exist  for  an  instant,  will  be  small.  All  the  switches  between  the 
generator  and  the  busses  to  which  it  is  to  be  connected  are 
then  closed,  the  circuit  completed  by  means  of  an  oil  switch, 
if  there  is  one  in  the  circuit,  and  the  alternator  voltage  is  then 
brought  up  to  standard  by  means  of  the  alternator  and  exciter- 
field  rheostats. 

52.  Regulation. — ^As  the  field  current  of  the  alternator  is 
quite  large  compared  with  the  field  current  of  the  exciter,  the 
greatest  economy  in  the  use  of  field  current  will  be  obtained  by 
operating  with  as  little  resistance  as  practicable  in  the  alter- 
nator field  rheostat  and  performing  most  of  the  regulation  by 
means  of  the  exciter  rheostat.  Hence,  this  method  should  be 
used  unless  it  results  in  operating  the  exciter  at  a  pressure  too 
low  for  good  regulation.  To  obtain  good  voltage  regulation, 
the  exciter  must  be  operated  with  a  magnetic  density  so 
great  that  a  relatively  small  change  in  field  current  will  not 
produce  a  large  change  in  magnetism  and  consequently  in  volt- 
age. This  density  is  not  at  the  saturation  point,  but  is  con- 
siderably above  the  steep  part  of  the  magnetism  curve.  The 
operator  will  be  able  to  determine  whether  or  not  he  is  working 
with  too  low  an  exciter  pressure  by  observing  the  direct-current 
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voltmeter  (ca:  if  none  is  provided,  a  lanxp)  connected  across  the 
terminals  of  the  exciter  generator.  If  there  is  any  difficulty 
in  keeping  a  steady  voltage  with  slight  variations  in  exciter 
load,  which  can  be  produced  by  means  of  the  field  rheostat 
of  the  alternator,  the  pressure  of  the  excitation  system  should 
be  raised  until  stable  operation  is  obtained,  the  field  rheostat 
of  the  alternating-current  generator  being  adjusted  as  required 
to  keep  the  alternating  current  at  the  proper  voltage. 

Voltage  regulation  of  the  alternator  is  carried  on  by  means 
of  the  generator  and  exdter-field  rheostats^  and  for  machines 
operating  alone,  that  is,  not  in  parallel  with  any  other  units, 
the  regulation  is  a  very  simple  matter. 


SERIES  OPERATION 

53»  Alternating-current  generators  cannot  be  operated  in 
series  unless  they  are  so  coupled,  mechanically,  that  they  are 
in  phase  and  cannot  vary  their  phase  relations.  This  may  be, 
and  is  sometimes,  done  for  special  purposes  by  having  their 
rotating  parts  mounted  on  the  same  shaft  and  the  windings  so 
alined  that  the  armature  electromotive  forces  generated  will 
be  in  phase  with  each  other.  If  alternators  are  driven  sepa- 
rately, the  condition  will  be  unstable,  the  electromotive  forces 
being  in  the  same  direction  at  one  time  and  opposed  at  another, 
the  final  condition  tending  toward  a  difference  of  180®  of  electric 
phase,  which  would  constitute  a  short  circuit  of  each  machine 
by  the  other.  

PARALLEL  OPERATION 


STNCHBONIZINO 

64.  Checking  Synclironous  Connections. — ^The  oper- 
ator must  know  whether  lamps  used  for  s3nichronizing  are  con- 
nected to  indicate  the  in-step  condition  when  they  are  either  at 
their  greatest  brilliancy  or  entirely  dark.  If  the  connections  are 
covered,  or  otherwise  difficult  to  trace,  the  circuit  can  be  checked 
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156 


by  disconnecting  the  leads  of  one  alternator  at  points  between 
armature  a  and  the  synchronizing  circuit,  as  at  b,  Fig.  5,  and 
then  closing  the  main  alternator  switches  c  as  for  paralleling  the 
alternators.  With  the  connected  machine  d  in  operation,  both 
sides  of  the  synchronizing  circuit  will  be  energized  from  the  same 
source  if  the  synchronizing  switch  e  is  closed;  then  the  indica- 
tions of  the  lamps  will  be  those  correct  for  synchronizing. 
The  main  switches  of  the  disconnected  alternator  armature  a 
should  then  be  opened  and  the  machine  reconnected  at  points  b. 
This  method  applies  to  voltmeters  and  synchroscopes  also. 

55*    Synclironlzliig  With  Lamps. — Some  skill  is  required 
to  determine  the  proper  conditions  for  paralleling  when  lamp 

— —  indications  are  used. 


A:C.Bu9Sars 


7«  7 


IfifififlfiJ 


/•  7 


Lamp* 
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The  difference  in  fre- 
quency between  the 
running  and  incoming 
tmits  must  not  be  too 
great,  else  the  division 
of  load,  after  the  ma- 
chines are  together, 
will  be  imsatisfactory; 
if  the  difference  is  too 
small,  it  becomes  diflScult  to  determine  when  the  alternators  are 
in  phase.  The  difference  in  frequency  will  be  d^irly  indicated 
by  the  "beat"  of  the  lamps,  and  the  operator  must  choose  some 
speed  with  which  he  can  best  work ;  preferably,  the  beats  should 
not  be  slower  than  once  in  10  seconds  nor  faster  than  once  in 
three.  K  the  synchronizing  is  done  with  dark  lamps,  the  par- 
alleling (main  switch)  connection  must  be  made  at  the  middle  of 
the  interval  between  the  disappearance  of  the  last  glow  and  the 
time  the  same  amoimt  of  glow  would  reappear.  ^  The  right  instant 
for  paralleling  can  be  determined  by  watching  the  beat  for  some 
time  while  it  is  steady,  cotmting  at  a  moderate  and  even  rate 
from  the  instant  of  disappearance  to  reappearance  of  the  glow, 
and  then  dividing  the  count  by  two.  If  the  coimting  is  well 
done  and  the  speed  conditions  are  constant,  the  paralleling  or 
synchronizing  of  the  alternators  will  be  well  done. 
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If  the  pressure  of  the  incoming  alternator  is  not  the  same  as 
that  of  the  running  imits,  cross-currents  will  flow  between 
them;  therefore,  it  is  important  to  equalize  their  pressures  by 
field  adjustment  before  tying  them  together  electrically.  If, 
when  using  synchronizing  lamps  with  a  slow  beat,  the  lamps 
do  not  go  entirely  out,  the  pressings  are  not  properly  equalized. 

56.  If  synchronizing  is  to  be  done  with  bright  lamps,  the 
paralleling  connection  is  to  be  completed  at  the  instant  that  the 
lamps  are  at  their  maximum  brilliancy.  This  is  more  easily 
determined  than  is  the  middle  of  the  dark  period,  but  consider- 
able care  is  necessary.  If  the  operator  is  too  far  from  the  lamp, 
he  may  not  be  able  to  see  well  enough  to  determine  accurately 
the  instant  of  maximtmi  brilliancy.  If  he  is  too  near,  the  Ught 
will  be  somewhat  dazzling;  then  the  pupil  of  his  eye  will,  in  a 
short  time,  fail  to  enlarge  and  dose  with  the  variation  in  bril- 
liancy of  the  lamp,  with  the  result  that  he  will  be  inaccurate 
in  deciding  the  instant  when  the  maximum  brilliancy  occurs. 
It  is  not  possible  to  state  just  how  far  away  the  synchronizing 
lamp  should  be,  as  the  distance  will  vary  with  the  individual, 
but  it  must  be  experimentally  determined  by  each  operator  for 
himself.  If  the  position  of  the  lamp  is  fixed  too  near  to  or  too 
far  from  the  switch,  its  position  can  be  changed  to  suit  the 
individual  by  putting  it  on  the  end  of  an  extension  cord. 

Sim  Since  the  lamps,  by  their  beat,  indicate  only  the  dif- 
ference in  frequency  between  the  running  and  incoming 
machines,  they  do  not  show  whether  the  incoming  unit  is 
running  faster  or  slower  than  the  one  already  in  operation. 
For  this  reason,  the  indications  of  the  lamps  should  be  observed, 
if  possible,  during  the  speeding  up  of  the  unit  and  continuously 
after  that  tmtil  the  correct  speed  is  obtained.  If,  after  the 
incoming  machine  is  up  to  speed,  the  beat  should  become  too 
fast,  the  cause  may  be  either  high  or  low  speed.  Whether  the 
incoming  alternator  is  too  fast  or  too  slow  can  be  determined 
by  varjdng  its  speed  and  observing  whether  the  frequency  of  the 
beat  is  increased  or  decreased. 

58.    Synchronizing  With  Voltmeter  or  Synchroscope. 

When  using  a  voltmeter  for  synchronizing,  it  is  necessary  to 
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know  whether  the  in-phase  cxwidition  is  indicated  by  the  maxi- 
mum ca:  the  zero  reading  of  the  instrument.  The  beat  should 
be  rather  slow  and  the  swing  of  the  needle  should  be  observed 
several  times  before  the  switch  is  closed.  K  the  zero  or  the 
maximum  indication  is  not  obtained,  it  is  an  evidence  that  the 
alternating  voltages  are  not  equal. 

The  synchronizer,  or  synchroscope,  gives  an  indication  not 
only  of  the  time  of  the  in-phase  condition  and  of  the  difference 
in  frequency,  but  also  shows  whether  the  incoming  alternator 
is  running  too  fast  or  too  slow.  If  correctly  connected,  the 
in-phase  condition  is  indicated  when  the  indicating  hand  is  in 
a  vertical  position.  Reasonable  care  should  be  taken  not  to 
connect  the  s)mchroscope  in  circuit  until  the  difference  in  fre- 
quency between  the  incoming  machine  and  the  running  units 
is  small;  when  the  difference  is  large,  the  armature  of  the  instru- 
ment will  not  rotate,  but  will  vibrate  excessively. 

59.  Speed  Control. — ^The  method  by  which  it  is  possible 
to  make  the  difference  in  the  frequencies  of  alternators  slight 
depends  on  the  kind  of  machinery  used  for  driving  them.  Steam 
engines  or  waterwheels  are  usually  eqiiipped  with  some  forai 
of  speed  control.  Some  steam  engines  have  governors  that  can 
be  manipulated  and  by  which  the  speed  can  be  controlled; 
others,  using  shaft  governors,  are  not  subject  to  such  contrd 
and  the  speed  is  partly  controlled  by  the  throttle. 

60.  Time  Element  In  Switcli  Closing. — ^The  armatures 
of  the  alternators  are  connected  in  parallel,  in  some  cases,  by  clos- 
ing a  simple,  hand-operated  switch  (either  knife-blade  or  oil- 
immersed  contact),  and  if  this  can  be  done  quickly,  that  is, 
with  a  short  time  between  the  first  movement  of  the  hand 
and  the  completion  of  the  coimection,  the  operation  is  very 
simple.  When  remote-controlled  oil  switches  are  used,  it  is 
always  necessary  to  make  a  proper  allowance  for  the  time 
required  for  the  operation  of  the  switch.  The  time  needed 
should  be  known  from  previous  observations. 

61.  Effects  of  Inaccurate  Syncbronizing. — Inaccurate 
synchronizing;  that  is,  making  the  parallel  connection  when 
the  potentials  of  the  machines  are  too  far  out  of  phase  with 
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each  other,  whether  it  results  from  tinreliable  indicating  devices, 
wrong  connections,  failure  to  allow  for  time  element  of  switches, 
or  from  any  other  catise,  is  a  source  of  danger  that  may  result 
seriously.  The  worst  effect  is  produced  when  the  electro- 
motive forces  are  out  of  phase  by  180  electric  degrees,  for  then 
the  cross-current  will  be  maximum;  but,  even  with  a  phase 
difference  as  low  as  8  or  10  degrees,  severe  mechanical  shock 
may  result,  the  armature  may  be  injured  either  mechanically 
or  electrically,  or  the  oil  switch  wrecked.  The  current  and  the 
extent  of  the  damage  resulting  are  dependent  on  the  phase 
difference  and  also  on  the  reactances  of  the  armatures  of  the 
alternators.  There  are  in  use  some  alternators  with  armature 
reactances  so  great  that  two  such  machines  may  be  coimected 
together  without  serious  result  when  completely  out  of  phase; 
but  they  are  not  in  common  use,  and  the  operator  should  always 
use  the  greatest  possible  care  when  connecting  any  alternators 
in  parallel. 

DISTRIBUTION    OF   LOAD 

62»  After  alternators  are  tied  together  electrically  and  are 
operating  in  parallel,  the  distribution  of  load  among  them 
should  be  given  immediate  attention.  The  distribution  of 
kilowatt  load  is  dependent  on  the  relative  phase  positions  of 
their  rotating  parts.  Alternators  in  parallel  must  run  in  per- 
fect synchronism,  yet  it  is  possible  for  the  engine,  ttu-bine, 
waterwheel,  or  other  driving  power,  of  one  generator  to  force 
the  rotating  parts  of  the  generator  ahead  in  relative  phase  posi- 
tion by  a  few  electrical  degrees,  as  if  it  were  making  an  effort 
to  exceed  the  other  in  speed.  Were  it  not  for  the  synchronizing 
effort  exerted  tending  to  keep  the  machines  in  step,  the  leading 
unit  would  actually  run  with  a  slightly  higher  frequency  than 
the  others.  The  action  is  like  that  of  a  team  of  horses  hitched 
to  a  load  in  such  a  way  that,  although  they  progress  at  the  same 
rate,  the  more  energetic  horse  does  more  than  half  the  work; 
in  fact,  in  extreme  cases,  it  may  do  all  the  work,  and  even  help 
to  move  its  mate.  The  energetic  horse  is  like  the  alternator 
that  leads  in  phase.  A  horse  that  is  dragged  along  by  its 
mate  corresponds  to  a  motorized  generator. 

366-^ 
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The  kilowatt  load  on  one  of  several  alternators  in  parallel 
can  be  increased  by  causing  it  to  ptdl  ahead  in  phase;  or,  in 
other  words,  to  tend  to  run  faster  than  the  other  units  (of 
cotu'se,  it  will  not  actually  exceed  the  speed  of  the  others); 
or,  what  amounts  to  the  same  thing,  cause  the  other  imits  to 
tend  toward  slower  speed. 

Prime  movers  with  governors  subject  to  control  while  run- 
ning are  better  adapted  to  the  control  of  load  division  between 
alternators  than  such  machines  as  high-speed  engines  having 
shaft,  or  automatic,  governors  that  are  not  subject  to  control 
during  operation. 

63.  The  distribution  of  current  load  between  two  paralleled 
alternators  is  controlled  by  means  of  the  field  excitation,  which, 
when  improper,  will  cause  to  pass  between  the  armatures  a 
cross-current  of  an  intensity  depending  on  the  difference  in  the 
field  currents  of  the  machines.  The  cross-current  will  exist, 
even  though  the  prime  movers  are  so  adjusted  that  each  alter- 
nator bears  its  proper  share  of  the  power  (kilowatt)  load.  In 
the  machine  with  the  weaker  excitation,  the  cross-current  will 
be  leading;  in  the  other,  it  will  be  lagging.  By  simultaneously 
adjusting  the  field  rheostats,  the  cross-current  can  be  varied 
considerably  without  altering  the  voltage  of  the  system.  Under 
some  conditions,  an  alternator  can  be  made  to  take  sufficient 
leading  cross-current  to  cause  it  to  operate  at  unity  power 
factor,  even  though  the  load  has  a  power  factor  less  than 
100  per  cent. 

In  general,  the  excitation  of  alternators  in  parallel  should  be 
so  regulated  that  they  carry  current  loads  in  proportion  to 
their  ampere  ratings.  With  proper  field  adjustment,  the  sum 
of  the  alternator  ammeter  readings  will  be  a  minimum,  and  the 
alternator  power-factor  meters,  if  provided,  will  all  read  the 
same. 

In  special  cases,  there  may  be  reasons  why  the  general  rule 
should  not  be  applied.  For  instance,  one  alternator  may  have 
been  imder  heavy  load  for  several  hours  and  consequenty 
subjected  to  considerable  heating,  while  another  may  have 
just  been  put  into  service.    Again,  as  a  result  of  age  or  service. 
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the  insulation  of  one  machine  may^  damaged  so  much  that 
it  caimot  safely  withstand  the  same  heating  that  would  be  safe 
for  a  similar  machine  in  good  condition. 


TERRHiL  REGULATORS  WTm  ALTERNATORS 


SETTINO    THE    REGULATOR 

64.  The  voltage  regulation  of  alternators  is  obtained  by 
changing  the  field  currents.  The  principles  governing  this 
method  of  regulating  an  alternator  operating  alone  apply  to 
parallel  operation  also;  in  addition,  it  is  important  that  the 
excitation  of  all  alternators  in  parallel  be  given  attention  each 
time  that  the  voltage  is  regulated,  in  order  to  avoid  trouble- 
some cross-currents. 

One  of  the  most  commonly  used  automatic  devices  for  the 
voltage  regulation  of  alternators  is  the  Tirrill  regulator. 
L^sually,  each  installation  of  such  a  device  is  subject  to  such 
conditions  as  to  make  some  special  procedtire  advisable;  how- 
ever, there  are  in  coimection  with  the  operation  of  Tirrill 
r^ulators  some  principles  that  are  general. 

65.  Assuming  that  the  Tirrill  regulator  has  been  correctly 
connected  and  properly  adjusted,  but  has  not  yet  been  put 
into  service,  start  the  exciter  and  alternator,  and  run  the  alter- 
nator without  load.  The  alternator  field  rheostat  should  be 
turned  until  all  its  resistance  is  out  of  circuit;  if  less  than  56  per 
cent,  of  the  normal  voltage  of  the  exciter  is  then  found  nec- 
essary to  produce  the  rated  voltage  of  the  alternator,  the  exciter 
voltage  should  be  rais^  to  at  least  66  per  cent,  of  its  normal 
value,  and  the  alternator  voltage  regulated  by  means  of  the 
alternator  field  rheostat.  If  the  exciter  field  is  so  weak  that  the 
exciter  voltage  is  less  than  55  per  cent,  of  normal,  the  machine 
will  be  under  conditions  of  tmstable  regulation.  When  the 
exciter  and  alternator  voltages  are  at  the  proper  values,  mark 
the  position  of  the  alternator  field  rheostat  arm  so  that  this 
position  will  always  be  known. 
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If  two  or  more  alternators  for  parallel  operation  are  to  be 
automatically  regulated,  they  should  be  connected  in  paralld 
without  load,  and  their  field  currents  regulated  by  means  of 
their  field  rheostats  until  they  operate  without  cross-currents. 
At  least  one  of  the  alternators  may  have  all  its  rheostat  resis- 
tance out  of  circuit.  If,  after  regulating  to  eliminate  cross- 
currents, it  is  found  that  less  than  56  per  cent,  of  the  normal 
voltage  rating  of  the  exciter  is  required  for  producing  the  nor- 
mal alternating  voltage,  adjust  the  exciter  pressure  to  65  per 
cent,  normal  and  readjust  the  field  rheostats  of  the  alternators 
until  the  alternators  deliver  normal  voltage  and  have  no  cross- 
current. When  this  adjustment  is  made,  mark  the  positions 
of  the  alternator  field  rheostat  arms  for  future  reference. 

66.  The  next  step  is  to  cut  into  the  exciter  field  rheostat 
sufficient  resistance  to  reduce  the  alternating-current  voltage 
to  about  66  per  cent,  of  the  normal  full-load  value,  and  to  mark 
the  position  of  the  arm  of  the  exciter  rheostat.  This  should 
be  done  separately  for  each  exciter  set  that  is  to  be  used  with 
the  Tirrill  regulator. 

Make  the  direct-current  coil  of  the  Tirrill  r^^ulator  alive 
by  closing  the  switch  in  circuit  with  it  (if  such  a  switch  is 
installed),  and  make  the  alternating  potential  coil  alive  by 
closing  to  it  the  switch  connected  to  the  special  potential  trans- 
former on  the  machine  that  is  to  be  regulated.  Close  the 
switches  that  connect  the  relay  contacts  to  the  exciter  rheostat. 
If  the  main  contacts  remain  apart  after  the  switches  are  closed, 
adjust  the  auxiliary  contact  arm  in  the  alternating-current, 
control-magnet  circuit  tmtil  the  contacts  come  together  and  the 
regulator  begins  working.  The  alternating-current  voltage 
should  then  be  adjusted  to  normal  by  moving  the  auxiliary 
contact  arm,  the  final  position  of  which  should  be  marked  <»• 
observed  for  reference  when  putting  the  regulator  into  service 
in  the  future. 

BOUTINB    OPERATION 

67.  The  operations  just  described  are  not  to  be  performed 
in  routine  operation,  but  are  the  steps  to  be  taken  in  putting 
the  regulator  into  service  when  it  is  first  installed.    After  these 
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operations  have  once  been  performed,  and  the  various  rheostat- 
arm  positions  have  been  marked  or  observed  so  that  the  rheostats 
can  be  reset  to  those  points,  the  procedure  should  be  as  given 
below;  see  Voltage  Regulation  of  AUemaiing-Current  Circuits. 

Close  the  switch  connecting  the  direct-current  coil  to  the 
exciter  busses  that  are  to  be  used.  In  some  installations, 
selector  switches  between  different  sets  of  busses  are  installed; 
in  others,  selector  switches  between  different  exciters.  Close 
the  switch  connecting  the  alternating-current  coil  to  the 
pressure  leads  from  the  alternator  that  is  to  be  regulated. 
Adjust  the  auxiliary  contact  arm  in  the  alternating-current, 
control-magnet  circuit  to  the  marked  position.  Set  the  alter- 
nator field  rheostat  arms  to  the  marked  positions,  keeping  the 
alternating-current  voltage  at  normal  by  proper  adjustment 
of  the  exciter-field  rheostat.  With  the  main  contacts  of  the 
r^^ulator  apart,  close  the  switch  or  switches  (if  more  than  one) 
connecting  the  relay  contacts  in  shimt  across  the  exciter  field 
rheostat,  and  then  slowly  move  the  arm  of  the  exciter  rheostat 
to  the  marked  position.  The  main  contacts  will  come  together 
and  start  the  r^^ulator. 

If  desirable,  the  alternating-current  voltage  can  be  changed 
by  means  of  the  auxiliary  contact  arm  in  the  altemating-ciu'- 
rent,  control-magnet  circuit. 

68»  All  the  alternator  fields  supplied  by  the  exciter  working 
with  the  regulator  will  be  subject  to  the  operation  of  the  regu- 
lator, and,  if  the  installation  is  so  made  as  to  provide  for  using 
exciters  in  parallel  in  connection  with  the  regulator,  additional 
ones  may  be  cut  in  by  the  following  method:  By  means  of  its 
field  rheostat,  adjust  the  voltage  of  the  incoming  exciter  to 
equal  that  on  the  exciter  bus,  close  the  main  armattire  switches 
that  connect  the  exciter  to  the  bus,  and  immediately  close  the 
switch  connecting  the  relay  contacts  in  shunt  with  the  field 
rheostat  of  this  exciter  and  turn  the  exciter  rheostat  arm  to  the 
marked  position. 

A  rheostat  is  generally  necessary  to  equalize  the  load  between 
the  exciters;  it  should  be  adjusted  for  proper  division  of  ciu*- 
rent  and  this  adjustment  should  be  made  permanent. 
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To  take  one  of  two  or  more  exciters  operating  in  parallel 
and  controlled  by  the  same  r^ulator  out  of  service,  first  dis- 
connect it  from  the  exciter  bus  by  means  of  its  main  switch 
and  then  open  its  rheostat-shunt  switch.  If  it  is  desired  to 
take  the  regidator  out  of  service,  turn  the  exciter  field  rheostat 
to  cut-out  resistance  tmtil  the  main  and  relay  contacts  stop 
vibrating  and  remain  apart,  then  open  the  switch  that  connects 
the  relay  contacts  in  shunt  across  the  exciter  rheostat. 

69»  As  machine  characteristics  vary  somewhat,  in  connec- 
tion with  some  installations,  experience  may  indicate  that  the 
regulation  of  the  exciters  is  tmstable  when  the  rheostat  is 
adjusted  as  described.  It  should  be  remembered  that  the  pro- 
cedure given  is  for  general  cases,  and  that  if  conditions  in  some 
installations  are  special  the  procediu^  may  be  varied  some- 
what to  advantage.  The  mistake  should  not  be  made,  however, 
of  trying  to  use  the  Tirrill  regulator  with  the  exciter-field  flux 
near  the  saturation  point;  the  exciter  will  work  better  if  oper- 
ated with  a  magnetic  flux  that  will  give  rather  unstable  pressure 
when  regulated  by  hand. 

70.  The  Tirrill  regulator  shotild  be  kept  in  good  adjust- 
ment, and  a  few  minutes  of  each  operating  day  should  be  spent 
in  seeing  that  it  is  kept  in  good  condition.  The  contacts  should 
be  kept  smooth,  pivots  free,  connections  tight,  and  the  adjust- 
ing nuts  should  not  be  allowed  to  work  loose.  The  reversing 
switches  in  the  feed  to  the  main  contacts  and  relay  contacts 
should  be  reversed  about  every  6  hours  of  operation  in 
order  to  prevent  the  contacts  from  burning  away  unequally. 
Excessive  arcing  at  the  relay  contacts  may  be  due  either  to 
insufficient  condenser  capacity  in  parallel  with  them  or  to  an 
open  circuit  in  the  connections  between  condenser  and  con- 
tacts. In  the  first  case,  the  remedy  is  to  increase  the  number 
of  condenser  sections;  in  the  second,  to  restore  the  connection. 

In  service,  Tirrill  regulators  are  subject  to  one  form  of  trouble 
that  seriously  affects  the  pressure  regulation,  and  this  is  the 
sticking  or  fusing  together  of  its  contacts,  either  main  or  relay, 
but  more  often  the  relay  contacts.  When  the  contacts  fuse 
together,  the  generator  pressiu^  at  once  rises  and  it  is  necessary 
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to  take  the  regulator  out  of  service  immediately.  To  do 
this,  when  the  contacts  are  stuck  together,  open  the  switch 
that  connects  the  relay  contacts  in  shunt  with  the  exciter 
rheostat  and  immediately  strengthen  the  exciter  field  by  cutting 
out  resistance  with  its  rheostat. 


OPERATING  TROUBLES  OF  ALTERNATORS 

71.  It  is  impossible  to  classify  all  the  various  forms  of  oper- 
ating trouble  that  may  occur  in  the  use  of  alternators,  and, 
also,  to  prescribe  definite  rules  of  procedtu-e  for  each  case.  It 
is  important,  however,  to  mention,  briefly,  a  few  general  rules 
that  the  operator  should  keep  in  mind. 

As  it  is  necessary  that  alternating-current  generators  be  not 
coimected  in  parallel  without  the  proper  synchronizing  pro- 
cedure, it  is  equally  important  that  when,  for  any  cause,  an 
alternator  has  been  disconnected  from  a  live  circuit,  even  for  an 
instant,  it  be  not  reconnected  except  by  synchronizing  and 
standard  paralleling  methods.  This  rule  does  not  always  apply 
to  alternators  driven  by  synchronous  motors,  as  will  be  explained 
in  Operation  of  Electrical  Machinery,  Part  2. 

Severe  short  circuits  sometimes  occur  on  distributing  sys- 
tems, and  sometimes  in  the  generating  station  on  busses,  or  in 
the  windings  of  broken-down  generators.  In  such  cases,  the 
effect  may  be  to  reduce  the  pressure  in  the  station  or,  auto- 
matically, to  open  oil  switches.  The  short-circuited  portion 
of  the  system  should  be  isolated  by  means  of  oil  switches  as 
quickly  as  possible,  in  order  to  avoid  the  serious  results  that 
such  an  overload  would  produce  on  the  generators. 

The  exciter  system  is  a  frequent  source  of  operating  trouble, 
and  it  is  not  uncommon  to  have  the  service  of  a  large  tmit  com- 
pletely interrupted  by  some  minor  trouble  with  the  exciter 
generator.  If  alternators  excited  from  separate  sources  are 
operating  in  parallel,  the  loss  of  excitation  on  one  of  them  might 
cause  that  one  to  be  run  as  a  motor,  and  possibly  to  take  a  very 
large  lagging  current  from  the  others.  The  unexcited  alter- 
nator should  be  disconnected  as  soon  as  possible. 
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OPERATION  OF  ELECTRICAL 
MACHINERY 

(PART  2) 


OPERATION  OF  MOTOR-GENERATORS  AND 
SYNCXHRONOUS  CONVERTERS 


MOTOR-GEINERATORS   FOR   CURRENT  CONVERSION 


INBUCnON-MOTOR-DRIVEN    SETS 

1.  The  operation  of  motor-generator  sets  converting  alter- 
nating current  into  direct  current,  using  either  induction  or 
synchronous  motors,  should  be  carried  on  in  accordance  with 
the  methods  for  alternating-current  motors  and  for  direct-cur- 
rent generators.  The  simplest  case  is  that  of  a  direct-cturent 
generator  driven  by  an  induction  motor,  both  of  which  are 
operated  according  to  the  instructions  given  in  another  Section. 


SYNCHBONOUS-MOTOB-DRIVEN    SETS 

2.  Startinji:  From  Altematiiij|:-Current  Side. — Syn- 
chronous motors  driving  direct-current  generators  are  gen- 
erally excited  from  the  output  of  the  generators,  and  if  direct 
current  is  not  available  until  a  machine  is  started,  the  pro- 
cedure is  as  follows: 

Start  the  synchronous  motor  by  means  of  the  starting  com- 
pensator, leaving  it  unexcited  until  up  to  speed.    Throw  the 
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compensator  handle  to  the  running  position  and,  as  soon  as  the 
direct-current  generator  begins  to  pick  up,  close  the  field  switch 
of  the  synchronous  motor  and  all  other  switches  necessary  to 
complete  the  excitation  circuit  of  the  motor. 

It  is  very  important  that  no  considerable  amount  of  load  be 
connected  to  the  generator  until  the  synchronous  motor  has 
been  excited:  therefore,  if  the  motor-field  circuit  is  connected 
to  the  generator  leads,  do  not  close  the  armature  switches  to 
the  direct-current  load  busses  until  the  motor  is  fully  excited. 
If  the  field  switch  connects  the  exciting  circuit  to  the  load  busses 
and  if  these  are  dead,  disconnect  the  load,  dose  the  generator 
armature  switches,  and  then  the  motor  field  switches,  adjust 
the  motor  field  rheostat,  and  then  reconnect  the  load.  If  the 
busses  are  alive  before  the  motor-generator  is  started,  excite 
from  them  as  soon  as  the  motor  is  up  to  full  synchronous  speed 
and  before  closing  the  generator  switches. 

3»  starting  From  Direct-Ciirrent  Side. — In  some  instal- 
lations of  this  type,  provision  is  made  for  starting  the  motor- 
generator  by  using  the  generator  temporarily  as  a  direct-current 
motor  and  sjrnchronizing  the  motor  to  the  alternating-current 
busses. 

If  the  direct-current  generator  is  compoimd  wound,  it  should 
be  provided  with  switches  for  reversing  the  series  field  for  start- 
ing purposes.  The  procedure  is  as  follows:  Reverse  the  series 
fields,  excite  the  generator  by  closing  its  field  switch,  if  one  is 
provided,  adjust  the  generator  field  rheostat  for  strong  field 
excitation,  and  close  the  starting  circuit  with  all  the  resistance 
in  circuit.  If  the  generator  is  excited  from  its  own  leads,  and 
has  no  field  switch,  the  machine  cannot  be  excited  before  closing 
the  starting  switch;  but,  as  the  starting  ciurent  is  limited  by  the 
resistance  box,  no  harm  will  result.  In  this  case,  adjust  the 
field  rheostat  for  strong  field  excitation  and  close  the  starting 
circuit  with  all  the  resistance  in  circuit.  When  starting  a  set 
for  the  first  time  test  the  field  poles  with  a  piece  of  soft  iron, 
and  if  the  polarity  is  correct,  gradually  cut  out  resistance  from 
the  starting  circuit  until  it  is  all  cut  out.  If  the  machine  is  not 
then  up  to  full  speed,  increase  its  speed  to  normal  by  gradually 
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weakening  the  field  of  the  direct-current  generator,  now  acting 
as  a  motor.  Excite  the  synchronous  motor  by  closing  all  the 
switches  in  its  field  circuit  and  synchronize  the  synchronous 
motor,  now  operating  as  a  generator,  using  the  methods  for 
synchronizing  an  alternator. 

When  synchronized,  open  the  armature  switches  of  the  direct- 
current  end  and  reverse  its  series-field  winding.  If  the  shunt 
field  is  connected  to  the  generator  leads  between  the  reversing 
switches  and  the  main  switches  connecting  to  the  bus-bars, 
opening  the  series-field  reversing  switches  will  also  open  the 
shtmt-field  circuit.  In  this  case,  care  must  be  taken  to  open  the 
first  of  these  switches  slowly,  in  order  to  avoid  a  qtiick  opening 
of  the  shunt  field  and  the  possible  puncturing  of  its  insulation. 
The  equalizer  switch  should  then  be  closed,  the  pressure  regu- 
lated by  means  of  the  generator  rheostat,  and  the  machine 
paralleled  with  the  other  direct-current  luiits.  In  this  case, 
because  the  speed  relations  of  the  generators  are  exactly  main- 
tained, the  pressures  of  the  incoming  unit  may  be  made  equal 
to  that  of  the  busses  instead  of  slightly  higher.  This  is  also 
proper  if  the  generator  is  driven  by  an  induction  motor. 

If  the  generator  is  shtmt  wound  instead  of  compoimd  woimd, 
the  procedtu-e  is  the  same  as  just  described,  except  that  no 
series-field  reversing  switches  have  to  be  operated,  and  no 
equalizer  switch  is  to  be  closed. 

4.    Conversion   of  Direct   to   Alternating:   Current. 

The  same  motor-generator  that  is  used  for  converting  alter- 
nating to  direct  cturent  can  also  be  employed  for  changing 
direct  to  alternating.  The  methods  of  operation  are  prac- 
tically the  same  as  those  for  direct-current  motors  and  alter- 
nating-current generators.  For  synchronizing,  the  speed  of 
the  alternator  is  regulated  by  means  of  the  field  rheostat  of  the 
direct-current  motor,  and  after  synchronizing,  the  distribution 
of  load  between  alternators  in  parallel  is  controlled  by  the  same 
means.  By  weakening  the  field  of  the  direct-ourent  motor, 
the  alternator  is  given  a  tendency  to  advance  in  electric  phase 
and  to  take  a  larger  proportion  of  the  energy  load. 
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INDUCnON-MOTOR-DRIVEN  FREQUENCY 
CHANGERS 

6.  The  operation  of  the  motor-generator  frequency-changer 
sets  is  carried  on  in  accordance  with  the  methods  for  the  opa*- 
ation  of  alternating-current  motors  and  generators,  but  with 
some  additions  necessitated  by  special  requirements.  Since 
induction-motor-driven  sets  are  not  well  adapted  to  inverse 
operation  and  do  not  run  synchronously  and  therefore  do  not 
'operate  well  together,  frequency-changer  sets  are  generally  made 
with  synchronous  motors. 

In  the  operation  of  induction-motor-driven  sets,  the  motor  is 
started  in  the  usual  manner,  and  the  load  is  connected  to  the 
alternator  after  the  motor  is  supplied  with  full  running  poten- 
tial. Alternators  driven  by  induction  motors  are  not  usually 
operated  in  parallel;  but  when  such  operation  becomes  desir- 
able or  necessary,  the  alternators  are  synchronized  by  var3mig 
the  load  on  one  of  them,  thus  var5dng  its  speed  by  changing  the 
slip  of  the  induction  motor.  When  the  alternators  are  in  phase, 
as  indicated  by  the  synchronizing  devices,  they  are  paralleled. 
There  is  no  way  of  controlling  the  distribution  of  kilowatt  load 
between  two  such  units. 


SYNCHRONOUS-MOTOR-DRIVEN  FREQUENCY 
CHANGERS 


FBEQUENCT    CHANGE    IN    SIMPLB    RATIO 

6.  Ratio  of  One  to  Two. — ^The  paralleling  of  synchronous- 
motor-driven  frequency-changer  sets  is  much  more  complicated 
than  that  of  induction-motor-driven  sets.  The  simplest  case 
is  that  of  sets  for  changing  to  double  or  half  frequency. 

If  two  such  sets,  unloaded,  are  started  and  brought  up  to 
synchronous  speed  by  connecting  their  low-frequency  ends,  as 
motors,  the  high-frequency  ends,  on  being  excited,  will  generate 
electromotive  forces  that  are  in  synchronism  and  in  phase. 
But  if  the  two  luiits  are  unequally  loaded  before  paralleling 
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them,  the  more  heavily  loaded  tmit  will  lag  behind  the  other. 
Ftall  load  on  a  generator  causes  its  low-frequency  motor  to  lag 
about  25  electrical  degrees  behind  the  phase  position  it  would 
have  under  no  load,  resulting  in  a  lag  of  about  50  degrees  in 
the  generator  electromotive  force.  The  two  generators  of  the 
synchronous-motor-generator  sets  may  therefore  run  at  the 
same  frequency,  but,  before  paralleling,  be  out  of  phase  by  an 
amount  proportional  to  the  difference  in  loads,  the  generator 
of  a  fully  loaded  tmit  being  about  50  electrical  degrees  behind 
the  generator  of  an  incoming  tmit  with  no  load.  A  phase 
difference  of  50  degrees  would  be  too  great  for  paralleling  steam- 
driven  alternators;  but  with  synchronous  motors  there  is  usually 
no  way  of  controlling  speed,  and  as  the  motors  and  generators 
will  immediately  equalize  their  loads  as  soon  as  connected 
together,  the  generators  may  be  paralleled  if  their  voltages  are 
equalized.  When  they  are  connected  in  parallel,  heavy  cross- 
current and  synchronizing  current  will  exist  for  a  few  seconds, 
after  which,  if  the  units  are  similar,  they  will  divide  the  load 
properly. 

7.  Ratio  of  Two  to  One. — If  the  same  two  imits  are 
started  from  the  high-frequency  ends,  the  electromotive  forces 
of  the  low-frequency  generators  at  no  load  may  be  in  phase, 
or  180  electrical  degrees  out  of  phase. 

If  the  imloaded  generators  are  180  degrees  out  of  phase,  the 
simplest  means  of  correcting  the  phase  difference  is  to  reverse 
the  direction  of  cturent  in  the  field  winding  of  one  generator, 
which  reverses  the  instantaneous  polarity  of  the  generator 
electromotive  force.  If  no  reversing  switch  is  provided,  one 
motor-armature  switch  may  be  opened,  the  motor-field  circuit 
opened,  and  the  rotating  parts  allowed  to  drop  back  slightly 
in  speed,  after  which,  fiirst  the  armature  switch  and  then  the 
field  switch  may  be  closed,  this  process  being  repeated  until, 
by  chance,  the  machine  comes  up  in  correct  phase  relation. 
This  operation,  commonly  known  as  slipping  poles,  is  better 
performed  if  a  synchronizer,  or  synchroscope,  is  installed  for 
synchronizing  the  motor  to  the  supply  line.  In  this  case,  the 
procedure  is  as  follows: 
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Having  determined  by  the  synchronizer  on  the  generator 
that  the  generator  electromotive  force  is  180  degrees  out  of 
phase  with  that  of  the  running  tmit,  connect  the  synchronizer 
of  the  motor,  adjust  the  motor  excitation  for  tmity  power  fac- 
tor, open  the  motor  switch,  and  allow  the  motor  to  fall  back  in 
phase  360  electrical  degrees,  or  1  cycle,  which  will  be  indicated 
by  one  revolution  of  the  needle  of  the  synchronizer  connected 
on  the  motor  end.  The  motor  switch  must  be  closed  at  the 
exact  instant  of  the  in-phase  position  indicated  by  the  ver- 
tical position  of  the  synchronizer  needle,  and  proper  allowance 
must  be  made  for  the  time  element  of  the  switch-operating 
mechanism. 

In  performing  the  operation  of  sUppring  poles  when  using  a 
synchroscope,  the  motor,  which  is  excited,  after  being  discon- 
nected acts  as  a  generator,  running  by  its  own  inertia,  and  must 
be  synchronized  very  accurately.  In  order  that  its  reduction 
in  speed  shall  be  small  and  its  beat  slow,  the  generator  end  of 
the  unit  should  not  be  excited  during  the  operation. 

8*  After  the  generator  electromotive  forces  are  thus  brought 
into  phase  with  one  another,  or  approximately  so,  they  should 
be  equalized.    The  tmits  may  then  be  connected  in  parallel. 

If  the  motor-generator  already  running  is  tmder  load,  the 
incoming  machine  will  be  out  of  phase,  as  in  the  preceding  case, 
but  by  a  different  amoimt;  full  load  on  the  running  luiit  in  this 
case  causes  displacement  of  the  generator  electromotive  force 
by  only  about  12J  d^rees. 


STNCHBONOUS    FREQUENCY    CHANGERS    ON    STANDARD 
SERVICE 

9.  Pliaise  Relations? — Synchronous  frequency  changers 
more  commonly  work  between  25-cycle  and  60-cycle  systems, 
in  which  case  the  higher  frequency  is  2.4  times  the  lower.  Such 
imits  are  usually  constructed  with  ten  poles  on  the  25-cycle 
end  and  twenty-four  poles  on  the  60-cycle  end;  and  there  is 
but  one  position  of  the  rotor  correct  for  paralleling,  although 
there  are  five  possible  positions  of  correct  phase  relation  when 
the  tmit  is  operating  as  a  25-cycle  motor  only,  that  is,  one-half 
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the  number  of  motor  poles.     The  cause  of  this  complication  of 
phase  relations  can  be  shown,  arithmetically,  as  follows: 

Tw;o  25-cycle-60-cycle  frequency-changer  sets  are  assumed 
to  be  in  operation  as  25-cycle  motors  without  load  and  with  the 
60-cycle  generator  electromotive  forces  in  phase,  though,  in 
order  that  the  following  operations  may  be  performed,  the  gen- 
erators cannot  be  in  parallel.  If  one  machine  is  slipped  back 
one  pair  of  poles,  or  360  electrical  degrees,  or  1  cycle,  on  the 
25-cycle  end,  the  60-cycle  generator  will  slip  back  60^-25 
=  2.4  cycles,  or  864  electrical  degrees.  The  electromotive  force 
of  this  generator  will  then  be  864-720,  or  .4X360= 144  degrees 
out  of  phase  with  the  electromotive  force  of  the  other  machine; 
the  generator  has  been  slipped  back  144  degrees  more  than 
2  complete  cycles.  If  the  motor  is  slipped  back  another  cycle, 
the  generator  electromotive  force  will  slip  back  864  electrical 
degrees  more,  making  the  total  slippage  of  the  generator 
1,728  degrees,  or  4.8  cycles.  The  electromotive  force  of  the 
generator  is  then  .8  cycle,  or  .8X360=288  degrees,  behind 
that  of  the  other  machine,  or  .2  cycle  =  72  degrees  ahead;  the 
total  slip  has  been  .8  cycle  more  than  4  complete  cycles  and 
.2  cycle  less  than  5  complete  cycles.  Another  slip  will  cause 
the  generator  to  be  72  degrees  behind  in  phase;  the  next, 
216  degrees  behind,  or  144  degrees  ahead;  and  the  fifth  slip 
will  bring  the  generators  back  into  phase  again.  There  is 
only  one  relation  that  the  motors  may  hold  to  each  other  for 
proper  paralleling  of  the  generators. 

10«  If  the  operation  is  inverted,  that  is,  if  the  60-cycle 
machines  are  motors  and  the  25-cycle  machines  are  generating, 
slipping  the  60-cycle  motor  back  1  cycle,  or  360  electrical 
degrees,  will  slip  the  25-cycle  end  back  360-5-2.4=150  electrical 
degrees.  It  would  require  twelve  slipping  operations  to  bring 
the  generators  again  into  phase,  and  there  would  be  twelve 
possible  relative  motor  positions,  only  one  of  which  would  be 
correct  for  paralleling  the  25-cycle  generators. 

The  phase  displacements  of  generator  electromotive  forces, 
due  to  load  on  the  rtmning  tmits,  may  be  such  as  to  cause  con- 
siderable confusion.     If  the  25-cycle  end  is  running  as  a  motor 
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and  tinder  ftdl  rated  load,  the  generator  electromotive  force 
will  lag  about  2.4X25=60  electrical  degrees.  If  the  motor 
is  20  per  cent,  overloaded,  the  phase  displacement  of  the  gen- 
erator will  be  about  72  degrees. 

!!•    Paralleling:  by   Special   Syncbroscopes. — In  one 

method  of  paralleling  frequency  changers  transforming  25-cycle 
energy  into  60-cycle  energy,  two  synchronism  indicators  are 
employed.  The  indicator  on  the  60-cycle,  or  generator,  end 
is  provided  with  a  dial  marked  as  shown  in  Fig.  1.  When  the 
incoming  motor  is  up  to  synchronous  speed  and  its  60-cycle 
generator  is  excited,  the  pointer  of  the  synchronizer  on  the 

60-cycle  end  will  take  a  fixed 
position,  showing  the  operator 
how  many  pairs  of  poles  on  the 
25-cycle  end  must  be  slipped 
,  to  bring  the  generators  into 
phase. 

For  example,  assume  that 

the  running  tmit  is  without 

load  and  that  the  pointer  of 

the    60-cycle  synchronizer 

stops  at  the  figure;^  when  the 

incoming  motor  has  reached 

synchronous  speed.    The 

operator  then  proceeds  to  slip 

poles  on  the  25-cycle  end  of  the  incoming  unit.    He  follows  the 

method  in  the  third  paragraph  of  Art.  7,  slipping  only  one  pole 

at  a  time  and  synchronizing  before  slipping  the  next  pole. 

12.  If  the  operating  unit  is  about  20  per  cent,  overloaded 
and  the  incoming  machine  is  without  load,  the  needle  of 
the  60-cycle  synchronizer  will  come  to  rest  in  a' position  about 
72  degrees  ahead,  in  a  clockwise  direction,  of  its  proper 
figure;  that  is,  up  to  the  next  figure  on  the  dial.  Other  rela- 
tions between  loads  give  other  positions  of  the  pointer.  The 
indications  thus  given  are  easily  misimderstood,  and  the 
resulting  mistake  of  slipping  the  wrong  ntmiber  of  pairs  of  poles 
can  be  avoided  only  by  proper  attention  to  the  relative  loads 
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on  the  two  machines.  The  operator  mtist  always  know  the 
approximate  percentages  of  full  load  that  the  units  are  carry- 
ing before  attempting  to  parallel  them. 

Some  synchronism  indicators  are  provided  with  movable 
dials  that  can  be  set  forwards  by  an  amount  depending  on  the 
load  of  the  running  machines. 

13.  If  it  is  desired  to  parallel,  by  the  pole-slipping  method, 
two  frequency  changers  in  operation  under  separate  loads, 
the  generator  synchronizer  indications  can  be  taken  while  the 
loads  are  connected,  but  the  operator  must  give  careful  atten- 
tion to  the  relative  loads  and  interpret  the  synchronizer  indi- 
cations accordingly.  The  operator  must  also  be  familiar  with 
the  synchronizing  connections.  For  example,  if  the  more 
heavily  loaded  machine  supplies  current  to  the  field  winding 
of  one  tyx)e  of  synchronism  indicator,  the  needle  deflection 
will  be  clockwise  from  the  figure  indicating  the  ntmiber  of 
slipping  operations;  if  the  more  Ughtly  loaded  machine  supplies 
current  to  the  field  winding  of  the  synchronizer,  the  needle 
deflection  will  be  cotmter-clockwise  from  the  proper  figure. 
After  the  correct  synchronizer  indication  has  been  obtained, 
one  of  the  machines  is  disconnected  from  its  load,  and  the  pole- 
slipping  operation  performed  as  previously  described.  Pole 
slipping  cannot  be  performed  on  a  frequency  changer  that  is 
carrying  a  load. 

14.  The  method  of  pole  slipping  described  in  Art.  7  is 
objectionable  because  of  the  necessity  of  using  two  sjmchronism 
indicators,  and  the  necessity  for  extreme  accuracy  in  synchroniz- 
ing. In  many  frequency-changer  installations,  provision  is 
made  for  slipping  poles  by  inserting  reversing  switches  in  the 
field  circuits  of  the  motors.  Each  reversal  of  its  field  causes 
asynchronous  motor  to  drop  back  in  phase  180  electrical  degrees. 
Each  reversal  of  the  field  of  the  25-cycle  end  of  a  motor  gen- 
erator changing  25-cycle  energy  into  60-cycle  energy  will 
therefore  cause  the  60-cycle  generator  to  fall  back  in  phase 
2.4X180=432  degrees,  or  1.2  cycles.  A  stifl&cient  number  of 
reversals  will  bring  the  generator  electromotive  force  into  the 
proper  phase  relation  for  paralleling.    When  this  method  of 

266-^ 
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pole  slipping  is  used,  the  ntimbers  on  the  GO^ycle  synchronizer 
dial  are  arranged  as  shown  in  Fig.  2,  no  synchronism  indicator 

being  needed  in  connection  with 
the  25-cycle,  or  motor,  end. 

16.    When  a  25-cycle-60- 

cycle,   synchronous-motor-gener- 
ator is  started  from  the  25-cycle 
end,  there  is  one  chance  in  five 
that  the  60-cycle  end  will  come 
up  in  phase  with  a  running  tmit; 
whereas,  if  started  from  the  60- 
cycle    end,    there    is  only  one 
chance  in  twelve  that  the  25- 
cycle  end  will  come  up  in  phase. 
Such  a  motor-generator  is  therefore  preferably  started  from 
the  25-cycle  end,  even  though  it  is  normally  the  generator  end. 
No  complications  will  arise  when  starting  from  the  generator 
end;  the  generator  will  at  once  automatically  assume  its  proper 
load  as  a  generator. 

However,  conditions  may  be  such  that  the  start  must  be 
made  from  the  60-cycle  end.  A  synchronizer  intended  for  use 
on  the  25-cycle  end  of  a  frequency-changer  set  and  marked  for 
indicating  pole-slipping  opera- 
tions of  the  60-cycle  motor  by 
the  method  of  Art.  7  would 
have  twelve  points  nimibered 
at  150-degree  intervals  from 
the  zero,  or  in-phase,  position, 
bringing  adjacent  points  30  de- 
grees apart,  as  shown  in  Fig.  3. 
The  25-cycle  generator  dis- 
placement due  to  full  load  on 
the  60-cycle  motor  will  be 
about  25-^2.4  =  10.4  electrical 
degrees.     In  this  case,  there  is  ^'^"  ^ 

less  opportunity  for  error,  as  the  displacement  at  full  load  is  only 
about  one-third  the  distance  between  the  numerals  on  the  dial. 
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16.  Syncbronlsm  Indicator  Dials. — In  Fig.  4  is  illtis- 
trated  a  synchronism  indicator  dial  specially  marked  for 
paralleling  25-cycle-60-cycle  synchronous  motor-generators 
started  from  the  60-cycle  end,  which  is,  in  this  case,  the  motor 
end.  One  element  of  the  synchronism  indicator  is  connected 
to  the  generator  of  the  machine  running,  and  the  other  to  the 
generator  of  the  machine  starting.  Although  the  pole  slipping 
is  performed  by  manipulating  the  motor  switches,  the  dial  is 
marked  to  show  the  necessary  slip  in  pairs  of  poles  on  the  gener- 
ator end,  and  the  ntmibering  of  the  dial,  therefore,  differs  from 
that  shown  in  Fig.  3.  The  number  indicated  by  the  pointer 
when  the  motor  reaches  synchronous  speed  represents  the 
number  of  times  the  pointer  should  reach  zero  when  the  poles 
are  slipped.  For  example,  assume  that  the  pointer  stands  at 
3  when  synchronous  speed  is  reached.  The  motor  switch  is 
then  opened,  the  machine  begins  to 

slow  down,  and  the  pointer  revolves. 
The  pointer  is  allowed  to  pass  the 
zero  position  twice,  but  at  the  in- 
stant that  it  reaches  zero  the  third 
time,  the  motor  switch  is  closed,  as 
the  phase  relations  are  then  correct. 

17.  Special  Type  of  SyncliTo- 
scope. — One  type  of  special   syn- 
chroscope  used   to  secure   proper  ^^  ^ 
phase  relations  at  both  ends  of  a 

25-cycle-60-cycle  synchronous  motor-generator  has  two  point- 
ers, or  hands,  rotatable  over  the  same  dial.  One  pointer  is 
acted  on  by  synchronizing  currents  from  the  25-cycle  end; 
the  other,  by  currents  from  the  60-cycle  end.  The  25-cycle 
sjmchronous  motor  is  started  by  applying  to  its  windings  alter- 
nating current  at  a  reduced  voltage.  When  synchronous  speed 
is  reached,  the  25-cycle  hand  on  the  synchroscope  will  point  to 
the  zero  mark  on  the  dial,  and  the  60-cycle  hand  will  have  a 
position  depending  on  the  phase  relation  between  the  60-cycle 
electromotive  forces  of  the  running  and  incoming  tmits.  If  the 
phase  relation  of  the  60-cycle  end  of  the  incoming  unit  is  correct 
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for  paralleling,  both  hands  will  point  vertically  to  the  zero 
mark.  K  incorrect,  the  motor  switch  must  be  opened  and  the 
rotor  of  the  set  allowed  to  slow  down.  The  two  hands  of  the 
synchroscope  will  then  begin  to  revolve  at  different  speeds, 
the  60-cycle  hand  making  2.4  revolutions  for  each  revolution 
of  the  25-cycle  hand.  If  the  nmning  unit  is  not  loaded,  there 
will  be  an  instant  when  both  hands  point  to  the  top  of  the  dial, 
zero  mark,  at  the  same  time,  and  at  this  instant  the  operator 
closes  either  the  generator  switch  or  the  motor  switch.  Then, 
as  soon  as  the  other  switch  is  closed,  the  incoming  machine  is 
properly  paralleled  with  those  already  in  service,  and  auto- 
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Fig.  6 


matically  takes  its  proper  share  of  the  load.  If  the  running 
unit  is  loaded,  the  indicating  hand  actuated  by  its  generator 
current  will  be  in  a  position  at  one  side  of  the  zero  mark  at  the 
moment  for  synchronizing,  the  divergence  depending  on  the  load. 

18.  Paralleling  by  Voltmeter  and  Chart. — In  case  the 
generator  synchronizer  of  a  frequency-changer  set  is  disabled 
or  otherwise  unavailable,  an  altemating-cturent  voltmeter  con- 
nected to  show  at  one  reading  the  difference  in  voltage  between 
the  incoming  and  running  generators  can  be  used.  -In  Fig.  5, 
the  voltmeter  a  is  connected  between  the  secondaries  of  poten- 
tial transformers  6,  the  primaries  of  which  are  connected  between 
phase  terminals  of   the  three-phase  Y-connected  alternators 
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of  the  motor-generator  sets.  In  this  case,  the  neutral  points 
of  the  altemator-armattire  windings  are  connected  together 
through  a  grounded  neutral  bus.  If  the  voltages  of  the  two 
generators  are  adjusted  separately  to  the  same  value,  the  read- 
ing of  the  voltmeter  a  will  depend  on  the  phase  relation  between 
the  two  electromotive  forces. 

19.    In  Fig.  6  is  shown  a  chart  prepared  for  use  in  paralleling 
60-cycle,    three-phase,    2,200-volt,    star-pressure,    alternators 


Per  Cent.  Rated  Load 

Pig.  6 

driven  by  25-cycle  synchronous  motors.  The  chart  shows  the 
voltage  differences  between  the  60-cycle  alternators  of  the 
motor-generator  sets  at  various  loads  and  in  different  phase 
relations.  The  vertical  scale  represents  volts  difference  between 
generators,  and  the  horizontal  scale,  the  percentage  of  rated 
load  on  the  running  tmit.  The  curves  marked  1,  4^  3,  2,  and  0 
represent  the  ntmiber  of  pairs  of  poles  to  be  slipped  on  the 
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25-cycle  motor  when  the  operation  is  performed  by  the  use  of 
the  motor  switch  and  the  25-cycle  synchronizer,  as  in  Art.  7. 

20.  To  use  the  chart,  the  voltages  of  both  generators,  run- 
ning and  incoming,  are  adjusted  to  2,200,  and  the  reading  of  a 
voltmeter  connected  as  in  Fig.  5  is  observed.  The  percentage 
of  full  load  on  the  running  machine  is  then  determined  by  obser- 
vation of  the  ammeter  or  wattmeter.  The  vertical  line  b^^in- 
ning  at  the  number  representing  the  observed  per  cent,  rated 
load  is  then  followed  on  the  chart  to  the  point  of  intersection 
with  the  horizontal  Une  representing  the  reading  obtained  from 
the  voltmeter.  The  curve  0,  1,  2,  3,  or  ^  that  is  nearest  the 
intersection  indicates  the  ntmiber  of  slipping  operations  neces- 
sary; and,  owing  to  the  manner  in  which  the  curves  are  pre- 
pared, the  intersection  will  always  be  close  to  one  of  the  curves. 

If  the  intersection  of  the  vertical  line  with  the  horizontal  line 
falls  within  one  of  the  r^^tangles  at  the  curve  intersections,  the 
indication  is  uncertain  and  should  not  be  relied  on  tmtil  one 
pair  of  poles  has  been  slipped  and  another  observation  taken. 
The  two  observations  together  enable  the  operator  to  determine 
the  proper  number  of  slips  to  be  made.  For  example,  a  ninning 
tmit  is  assumed  to  be  carrying  100  per  cent,  rated  load.  The 
voltages  of  the  incoming  and  running  generators  are  each  r^u- 
lated  to  2,200,  and  the  reading  of  the  voltmeter,  connected  as 
shown  in  Fig.  5,  is  58.  The  intersection  of  the  vertical  line  at 
100  with  the  horizontal  line  at  58  is  near  the  curve  2\  hence, 
two  pair  of  poles  must  be  slipped.  Again,  the  running  unit 
is  assumed  to  be  carrying  80  per  cent,  of  rated  full  load,  and 
the  voltmeter  indication  to  be  70.  Referring  to  the  chart,  the 
vertical  line  through  80  intersects  the  horizontal  line  through  70 
at  a  point  within  the  rectangle  abed,  and  it  is  indeterminate 
whether  the  generators  are  in  the  correct  phase  relation  for 
paralleUng,  or  whether  two  pair  of  poles  must  be  slipped.  In 
order  to  get  a  definite  observation,  the  motor  is  slipped  one  pair 
of  poles.  If  the  generators  had  at  first  been  in  proper  position 
for  paralleling,  there  will  be  foiu-  slips  necessary  and  the  volt- 
meter will  indicate  approximately  182  volts.  If,  however,  the' 
phase  relation  at  first  had  been  such  that  two  slips  were  neces- 
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sary,  only  one  will  remain  to  be  made,  and  the  voltmeter  would 
show  in  the  neighborhood  of  220  volts. 

21.  A  chart  similar  to  that  shown  in  Fig.  6  can  be  made 
for  use  with  other  synchronous-motor-driven  frequency  changers 
converting  25-cycle  energy  into  60;-cycle  energy.  One  imit 
is  run  unloaded  in  each  of  the  five  possible  phase  positions 
successively.  Another  tuiit  is  run  under  various  loads  ranging 
from  no  load  to  20  or  30  per  cent,  overload  for  each  of  the  phase 
positions  of  the  unloaded  tmit.  The  reading  of  a  voltmeter 
connected  as  in  Fig.  5  is  observed  and  recorded  for  each  con- 
dition, and  the  values  of  volts  and  per  cent,  rated  load  are  laid 
off  and  curves  plotted  as  in  Fig.  6.  The  voltages  of  the  gener- 
ators must  be  kept  constant  and  equal  throughout  the  test. 
Afterwards,  when  using  the  chart,  the  generator  voltages  must 
be  brought  to  this  value,  or  the  chart  values  must  be  multi- 
plied by  the  proper  correcting  factor. 

22.  Conditions  for  Parallel  Operation. — ^To  be  oper- 
ated in  parallel  synchronous-motor-generators  must  be  con- 
structed alike,  so  that  when  the  motors  are  rotating  synchro- 
nously the  generators  will  be  exactly  in  phase  with  one  another. 
The  alinement  of  both  the  rotating  and  the  stationary  parts  of 
the  25-cycle  end  with  those  of  the  60-cycle  end  should  there- 
fore be  precisely  alike  on  all  machines  to  be  operated  in  parallel. 

Even  with  correct  alinement,  an  error  in  connections  may 
cause  an  tmsatisf  actory  division  of  load  between  tmits.  Corre- 
sponding poles  of  aU  parallel  connected  motors  and  corre- 
sponding poles  of  all  parallel  connected  generators  of  such  sets 
must  have  like  polarity.  The  relation  of  the  connections  of  the 
motor  armature  leads  is  not  important,  but  corresponding 
terminals  of  the  generator  armature  windings  mtist  be  con- 
nected to  the  same  phase  conductors  of  the  busses. 

23.  Control  of  Power  Factor  and  Current  Load. — ^The 
power  factor  of  the  synchronous  motor  of  a  frequency-changer 
set  is  regulated  in  the  same  manner  as  though  the  motor  car- 
ried a  purely  mechanical  load.  The  current  loads  between 
paralleled  generators  of  frequency  changers  are  controlled  in 
the  same  manner  as  for  any  alternators  connected  in  parallel. 
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A  unit  to  be  disconnected  should  be  relieved  as  much  as  pos- 
sible of  the  current  load  by  means  of  the  generator  rheostats 
before  the  armature  switch  is  opened. 

24.  Control  of  Kilowatt  Load. — ^The  distribution  of 
kilowatt  load  among  synchronous  frequency  changers  in  par- 
allel is  ordinarily  beyond  the  control  of  the  operator.  An 
incoming  imit,  on  being  connected  in  parallel  with  a  running 
imit,  at  once  takes  a  definite  proportion  of  the  load,  and  no 
manipulation  of  exciting  currents  will  change  this  proportion 
more  than  1  or  2  per  cent. 

In  general,  a  synchronous-motor-generator  that  is  to  carry 
more  or  less  than  its  proper  proportion  of  the  kilowatt  load 
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must  be  so  manipulated  as  to  cause  it  to  lead  or  lag  in  phase 
relative  to  the  machines  in  parallel  with  it.  The  manipula- 
tion consists  in  properly  changing  the  coimections  of  the  gen- 
erator armatiu^  leads,  reversing  the  generator  field  leads,  and 
slipping  poles. 

25.  In  Fig.  7  (a)  are  shown  two  generators  a  and  h  of  syn- 
chronous-motor-generators  properly  connected  for  correct-load 
division;  like  terminals  of  the  generators  are  connected  to  the 
same  bus-bar,  as  indicated  by  the  nimierals.  In  (6)  the  leads 
of  the  generator  b  are  shifted  so  as  to  change  the  phase  rela- 
tion of  the  machines  by  120  degrees.  Such  a  shift,  or  trans- 
position, is  called  spiraling  the  leads,  and  is  sometimes  made  in 
prder  to  obtain  a  desired  load  division. 
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26.  Assume  that  the  leads  of  the  60-cycle  generator  of, a 
synchronous-motor-generator  converting  25-cycle  energy  into 
60-cycle  energy  are  spiraled  at 
the  generator  terminals  or  some- 
where between  the  sjmchroscope 
connections  and  the  generator 
terminals  so  as  to  advance  the 
phase  position  of  the  generator 
by  120  degrees.  Slipping  one 
pair  of  poles  on  the  motor  will 
cause  tiiat  generator  to  lag 
144  degrees  behind  its  former 
phase  position,  the  net  result  of 
the  spiraling  and  pole  slipping  being  to  cause  the  generator  to 
lag  144—120=24  degrees  behind  the  others.  A  reversal  of  the 
generator  field  polarity  will  cause  a  further  change  of  180  degrees 
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TABLE  I 

METHOD  OF   OBTAININO  PHASE    CHANGES   IN   8YNCHBONOUS- 
MOTOB-OENEBATOB    OPEBATION 


Generator 
Leads 

Slip 

Generator 

Degrees 

Generator 
Fields 

Angle  of 

Lead 
Degrees 

Angle  of 
Degrees 

Spiral  forwards 

Spiral  backwards 

No  change 

Spiral  forwards 
Spuul  backwards 
Spiral  backwards 

Spiral  forwards 

No  change 
Spiral  backwards 

Spiral  forwards 

288 

2l6 

144 

72 

None 

72 

144 
216 

288 
None 

Reverse 
No  change 

Reverse 
No  change 

Reverse 

Reverse 
No  change 

Reverse 
No  change 

Reverse 

12 

24 
36 
48 
60 

12 

24 
36 
48 
60 

in  its  phase  position,  leaving  it  180—24  =  156  degrees  ahead  of 
the  others.    By  again  slipping  one  pair  of  poles,  144  degrees  of 
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this  phase  difference  can  be  removed,  leaving  the  generator 
156-- 144  =  12  degrees  ahead  of  the  others. 

In  like  manner,  the  phase  relations  can  be  changed  by  any 
desired  mtiltiple  of  12;  the  procedtire  is  as  follows:  The  gener- 
ator leads  can  be  spiraled  either  forwards,  as  in  Fig.  7  (&),  or 
backwards,  as  in  Fig.  8;  the  generator  field  can  be  reversed,  and 
the  generator  can  be  slipped  back  by  mtdtiples  of  72  d^rees 
by  slipping  poles  on  the  motor.  The  simplest  method  of 
securing  a  slip  of  72  degrees  on  the  generator  end  is  to  reverse 
the  field  on  the  motor  end. 

Table  I  shows  the  method  of  obtaining  any  desired  phase 
difference  in  mtdtiples  of  12  degrees  from  a  lag  of  60  degrees  to 
a  lead  of  60  degrees.  In  practice,  it  will  seldom  be  necessary 
to  iise  all  the  changes  shown  in  the  table. 

27.  Some  synchronous-motor-generators  are  so  constructed 
that  the  stationary,  non-rotating  member  of  either  the  25-cycle 
end  or  the  60-cycle  end  is  mounted  in  a  cradle  in  which  it  may 
be  rocked  through  a  few  degrees  to  obtain  a  phase  displace- 
ment. This  style  of  construction  permits  of  a  much  finer 
adjustment  than  can  possibly  be  obtained  by  the  method 
previously  described.  

SYNCHRONOUS  CONVERTERS 


PRELDIINART    INSPECTION 

28.  Before  starting  a  synchronous  converter  for  service, 
the  condition  of  the  commutator  and  of  the  brush  contact 
with  the  commutator  and  with  the  collector  rings  should  be 
noted.  Dirt,  copper  particles,  dust,  and  all  other  foreign 
objects  should  be  removed  from  the  machine.  Knife-blade 
switches  shotdd  be  examined  for  poor  condition  of  contacts. 
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STABTINO    FROM    SPECIAL   TBANSFOMEB   TAPS 

29»  The  simplest  method  of  starting  a  synchronous  con- 
verter is  to  apply  to  the  armattire  a  reduced  voltage  taken 
from  portions  of  the  secondary  windings  of  the  main  trans- 
formers. Usually,  about  one-third  normal  alternating-current 
voltage  is  appUed  first,  followed  by  two-thirds  voltage,  and  then 
by  full  voltage.  The  field  circuit  is  left  open  and  the  field  wind- 
ing is  divided  into  open-circuited  sections  tmtil  the  armature 
reaches  synchronous  speed.  The  reduced  voltages  for  start- 
ing are  usually  obtained  by  means  of  two  three-pole,  double- 
throw  switches  connected  as  shown  in  Fig.  9. 

80»  Assuming  that  the  machine  is  provided  with  a  quick- 
break  field  switch,  not  shown  in  Fig.  9,  the  procedtire  for  starting 
is  as  follows: 

Open  the  field  switch  and  also  the  field-break-up  switch  on 
the  frame  of  the  machine.  See  that  the  armature  circuit  is 
open  on  the  direct-current  end.  Close  the  starting  switch  a. 
Fig.  9,  to  the.  upper  position.  Close  the  other  starting  switch  6 
to  the  upper  position.  Close  the  primary  switch  (oil  switch) 
connecting  the  transformers  to  the  high-tension,  alternating- 
current  bus-bars.  The  armature  will  then  begin  rotation,  and 
will  reach  synchronous  speed  in  a  few  seconds,  the  time  depend- 
ing on  the  size  of  the  armature  and  on  the  voltage  applied. 

When  the  armature  has  reached  synchronous  speed,  observe 
the  polarity  of  the  machine  by  connecting  the  voltmeter  (not 
shown)  to  the  direct-current  terminals,  using,  if  possible,  the 
switchboard  instruments  and  connections.  If  the  polarity  is 
correct,  close  the  field  switch;  then  close  the  field-break-up 
switch  into  the  running  position,  the  upper  position  in  Fig.  9. 
If  the  polarity  is  incorrect,  as  indicated  by  a  reversed  indication 
of  the  voltmeter,  close  the  field  switch,  strengthen  the  field  by  cut- 
ting out  resistance  in  the  field  rheostat,  and  close  the  field-break- 
up switch  in  the  lower  position.  Carefully  observe  the  voltmeter ; 
the  voltage  will  decrease  to  zero  and  reverse.  At  the  instant 
that  the  voltmeter  needle  passes  over  the  zero  point,  reverse 
the  field-break-up  switch,  closing  it  into  the  running  position. 
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When  the  polarity  is  correct  and  the  field  swishes  are  closed, 
throw  the  starting  switch  a,  Fig.  9,  qtiickly  to  the  two-thirds, 
or  lower,  position.  In  4  or  5  seconds,  increase  the  applied  volt- 
age to  normal  by  throwing  switch  b  quickly  to  the  lower 
position.  

STABTINO    BY    INDUCTION    MOTOR 

31.  A  synchronous  converter  may  be  provided  with  an 
induction  motor  on  an  extension  of  the  shaft.  The  motor  is 
used  exclusively  for  starting  purposes  and  may  be  supplied 
either  from  a  special  set  of  transformers  or  from  the  main  trans- 
formers that  supply  the  converter.  Assuming  the  latter  con- 
dition, the  procedure  for  starting  is  as  follows: 

See  that  the  switch  in  the  secondary  circuit  between  the  trans- 
formers and  the  armature  of  the  synchronous  converter  is 
open.  Close  the  field  switch  of  the  converter,  the  transformer 
primary  switch,  and  the  starting  switch  of  the  induction  motor. 
The  machine  will  then  start ;  when  it  is  running  at  a  speed  slightly 
greater  than  normal,  connect  the  synchronizing  circuit,  and  open 
the  starting  circuit  of  the  induction  motor.  As  the  speed  of 
the  machine  becomes  slower,  watch  the  synchronizing  devices, 
and  when  synchronism  is  indicated  close  the  switch  connect- 
ing the  armature  of  the  converter  to  the  transformer  secondaries. 

If  no  synchronism  indicating  circuits  are  provided,  the  pro- 
cedtire  is  changed.  Start  by  means  of  the  induction  motor, 
as  before;  but  leave  the  field  and  field-break-up  switches  of  the 
synchronous  converter  open.  When  the  machine  is  up  to 
speed,  open  the  induction-motor  switch  and  close  the  switch 
connecting  the  converter  armature  to  the  transformer  secon- 
daries. Observe  the  polarity  of  the  direct-current  electro- 
motive force  and  correct  it,  if  necessary,  as  described  in  Art.  30. 


STABTINO    WITH    DIRECT   CURRENT 

32.  When  started  as  a  direct-ctirrent  motor,  a  synchronous 
converter  must  be  synchronized  to  the  alternating-current  sup- 
ply in  the  same  manner  that  one  alternator  is  paralleled  with 
another.    The  procediure  varies  somewhat  according  to  the 
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system  of  connections.  First  will  be  considered  the  case  of  a 
synchronous  converter  excited  from  the  direct-current  busses 
and  not  provided  with  a  switch  between  transformer  secondaries 
and  armature. 

See  that  the  field-break-up  switch  is  closed  in  its  running 
position  and  close  the  direct-current  circuit-breaker.  Cut  out 
at  least  three-fourths  of  the  rheostat  resistance  and  test  the 
fields  for  excitation  by  applying  a  piece  of  iron  to  one  of  the 
pole  pieces.  Close  the  starting  switch  to  the  first  point,  or 
clip,  which  places  all  the  starting  resistance  in  circuit.  Qose 
the  armature  switch  having  a  polarity  opposite  that  of  the  start- 
ing switch;  this  would  be  switch  c  in  Pig.  9.  The  armature 
will  begin  to  rotate.  Observe  the  direct-current  ammeter; 
when  its  needle  has  stopped,  or  nearly  stopped,  dropping  back 
toward  the  zero  position,  cut  out  another  section  of  a  starting 
resistance,  and  proceed  in  this  manner  until  this  resistance  is 
all  out  of  circuit.  Connect  the  synchronism  indicating  device, 
synchroscope,  lamps,  or  voltmeter,  and,  by  means  of  the  field 
rheostat,  regulate  the  speed  of  the  machine  until  a  good  syn- 
chronizing beat  is  obtained.  When  the  speed  is  correct,  r^u- 
late  the  alternating  voltage  of  the  synchronous  converter  to  a 
value  that,  multipUed  by  the  step-up  ratio  of  the  transformers, 
will  equal  the  line  voltage.  Close  the  transformer  primary 
switch  at  the  instant  that  the  two  alternating  electromotive 
forces  are  in  phase  with  each  other,  as  indicated  by  the  syn- 
chronizing device. 

33.  K  provision  is  made  for  synchronizing  with  a  secondary 
instead  of  a  primary  switch,  proceed  as  follows:  With  the 
secondary  switch  open,  close  the  transformer  primary  switch; 
start  the  synchronotis  converter,  as  described  in  the  preceding 
article.  Connect  the  synchronism  indicating  device;  r^ulate 
the  speed  to  obtain  a  proper  beat ;  equalize  the  converter  pressure 
to  the  transformer  secondary  pressure;  and  close  the  secondary 
switch  when  the  electromotive  forces  are  in  phase. 

34.  In  some  installations,  the  converter  field  switch  connects 
to  the  direct-current  armatm-e  leads  instead  of  to  the  bus.  In 
this  case,  the  switching  procedure  is  the  same  as  just  described, 
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but  the  operator  cannot  test  field  excitation  before  connecting 
the  armature  circuit. 

35.  Split-pole  S3mchronous  converters,  that  is  those  having 
auxiliary  regulating  poles,  require  treatment  slightly  different 
from  others.  They  are  started  with  the  main  field  excited  to 
nearly  full  strength  and  no  excitation  of  the  auxiliary  fields. 

After  the  starting  resistance  is  all  cut  out,  regulate  the  alter- 
nating-current voltage  of  the  machine  to  approximately  that 
of  the  supply  by  adjusting  the  rheostats  of  the  main  and 
auxiliary  fields.  Strengthening  the  auxiliary  field  current  in 
the  same  direction  as  the  main  field  current  reduces  the  alter- 
nating-ciurent  pressure,  and  reducing  the  axixiliary  field  cur- 
rent, or  causing  it  to  oppose  the  main  field  current,  increases 
the  alternating-current  pressure.  When  the  alternating  elec- 
tromotive force  of  the  machine  is  approximately  equal  to  that 
of  the  supply,  regulate  the  speed  of  the  machine  by  means  of 
the  main  field  rheostat  as  much  as  possible,  and  by  means  of 
the  auxiliary  fields  when  necessity  demands  it.  When  the 
speed  is  correct,  adjust  the  auxiliary  and  r^ulating  fields 
again  to  equalize  the  alternating  electromotive  forces.  Con- 
siderable adjustment  of  both  main  and  r^ulating  field  rheostats 
is  sometimes  required  in  order  to  regulate  both  speed  and  pres- 
sure. After  this  is  done,  the  machine  should  be  synchronized 
in  the  usual  way. 

COMBINATION    METHOD    OF    STABTINO 

36.  A  s)nichronous  converter  can  be  started  by  combining  the 
direct-current  and  altemating-ciurent  methods.  The  advantage 
of  so  doing  is  that  no  synchronizing  operations  are  necessary. 

Start  the  machine  as  a  direct-current  motor.  When  all 
the  starting  resistance  is  cut  out,  open  the  armature  circuit  and 
then  open  the  field  circuit  by  means  of  a  qtiick-break  field  switch 
with  a  discharge  resistance;  immediately  connect  the  alter- 
nating-current supply  to  the  armature  at  the  lowest  available 
pressure.  If  secondary  switches  connected  to  different  trans- 
former taps  are  provided,  proceed  to  increase  the  applied  alter- 
nating-current pressiu^  by  the  method  explained  in  Art.  30. 
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If  no  such  switches  are  provided,  connect  the  ftiU  supply  poten- 
tial to  the  armattire  when  it  is  rotating  at  approximately  full 
speed.  If  the  field  switch  connects  to  the  armature  direct- 
current  leads,  correct  the  polarity,  if  it  is  ^correct.  If  the 
field  circuit  connects  to  the  load  direct-current  busses,  dose 
the  field  switch  and  close  the  reversing  field-break-up  switch 
to  the  running  position.  If  the  polarity  is  reversed,  it  will  be 
corrected  when  the  fields  are  thus  excited  from  the  busses  in 
the  proper  direction. 

Another  method  of  correcting  polarity  is  available  when 
paralleling  a  compound-wound  synchronous  converter  to  one  or 
more  similar  tmits  carrying  considerable  load.  In  this  case,  the 
shunt-field  circuit  of  the  incoming  machine  is  left  open,  the 
equalizer  switch  and  the  armature  switch  of  the  same  polarity 
are  closed,  and  the  armature  switch  of  opposite  polarity  is  left 
open.  A  part  of  the  current  of  the  other  machines  follows 
the  path  through  the  series  winding  of  the  incoming  unit  and 
corrects  the  polarity.  The  shunt-fidd  drcuit  is  then  dosed. 
This  operation  is  best  performed  when  the  converter  is  running 
on  the  low-pressure  connections. 


SINGLE    OPERATION 

37.  Synchronous  converters  employed  in  electric-lighting 
systems,  espedally  if  used  in  paralld  with  storage  batteries, 
are  usually  shunt  wound.  To  operate  a  shunt-wound  machine 
separately,  if  the  direct-cturent  busses  are  dead,  proceed  as 
follows:  Having  started  the  machine  and  corrected  the 
polarity,  regulate  the  direct-ciurent  voltage  to  normal  and 
close  the  armature  switches  to  the  direct-current  busses.  If 
these  busses  carry  considerable  load  at  the  time  the  machine 
is  connected  in,  the  voltage  will  decrease  a  little  but  can  be 
brought  back  to  normal  by  whatever  means  is  provided  for 
voltage  regulation. 

The  same  procedtu^  applies  to  the  operation  of  a  single 
compound-wound  synchronous  converter  for  railway  service, 
except  that  the  load,  unless  excessive,  will  not  cause  much,  if 
any,  drop  in  the  direct-current  voltage. 
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PARALLEL   OPERATION 

38.  Assume  that  a  shunt-wound  synchronous  converter  is 
to  be  operated  in  parallel  with  other  sources  of  direct  current, 
as  storage  batteries,  shunt  generators,  or  other  shunt-wound 
converters.  After  starting  the  machine  rebate  the  direct- 
current  voltage  to  equal  that  on  the  bus-bars,  and  close  the 
main  armature  switches  to  the  busses.  Divide  the  load  among 
the  machines  as  desired.  A  synchronous  converter  is  caused 
to  take  load  by  raising  its  terminal  voltage  and  to  drop  load 
by  the  reverse  process. 

Compound-wound  synchronous  converters  are  connected  in 
parallel  in  the  same  manner  as  compound  generators;  that  is, 
by  the  use  of  equalizing  connections  for  their  series-field  circuits. 
In  paralleling  such  units,  the  equalizer  switches  are  closed  and 
then,  on  the  incoming  unit,  the  armature  switch  having  the 
same  polarity  as  the  equalizer  connections.  After  this  is  done, 
the  converter  pressure  and  that  of  the  bus-bars,  are  equalized, 
after  which  the  other  armature  switch  should  be  closed. 

Ordinarily,  compound-wound  rotary  converters  must  not  be 
connected  in  parallel  with  storage  batteries,  shtmt-wound  gener- 
ators, or  shunt-wound  rotary  converters.  If,  however,  there 
is  a  long  length  of  feeder  between  the  compound  machine  and 
the  battery,  or  the  shtmt  machine,  so  that  the  drop  in  the  feeder 
is  equal  to  the  compounding  effect,  they  may  be  operated  in 
parcel.  

VOLTAGE    REGULATION 

39.  The  direct-current  voltage  regtdation  of  synchronous 
converters  is  usually  obtained  by  means  of  potential  regulators 
connected  in  the  altemating-ciurent  leads;  by  means  of  series 
synchronous  boosters,  sometimes  called  synchronous  booster 
converters;  and  by  means  of  regulating  poles,  or  split-pole  wind- 
ings. Two  other  methods,  by  direct-current  boosters  and 
adjustment  of  field  excitation,  are  not  much  used. 

Voltage  regulation  by  means  of  a  potential  regulator  is  pro- 
duced by  rotating  the  primary  winding  of  the  regulator  into 
different  positions  with  respect  to  the  stationary  secondary 
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winding.  This  is  done  either  by  the  use  of  a  hand  wheel  or  an 
alternating-current  n«otor  geared  to  the  rotating  shaft  of  the 
regulator  primary  winding,  the  rotation  of  which  in  one  direc- 
tion lowers  the  alternating-current  pressure  applied  to  the 
armature  and  consequently  lessens  the  direct-current  pressure 
of  the  converter;  rotation  in  the  other  direction  raises  the 
pressure. 

Voltage  regulation  by  means  of  series  s)nichronous  boost^j^ 
is  carried  on  by  the  use  of  the  field  rheostats  in  the  main  field 
circuits  of  the  rotary  converter  and  the  booster.  In  this  case, 
practically  all  the  pressure  regulation  is  done  by  means  of  the 
booster;  but  it  is  necessary  to  adjust  the  main  field  rheostat, 
also,  in  the  regulation  of  the  power  factor. 

Synchronous  converters  having  regulating  poles  are  regu- 
lated by  varying  the  wave  form  of  the  alternating  current  in 
the  armature.  It  is  done  entirely  by  adjusting  the  main  and 
auxiliary  field  rheostats.      

INTERRUPTION    OF    ALTERNATING-CURRENT    SUPPLY 

40.  If  the  alternating-current  supply  to  a  synchronous 
converter  operating  alone  is  interrupted,  the  machine  will  stop. 
If,  however,  the  synchronous  converter  is  operating  in  parallel 
with  direct-current  generators,  storage  batteries,  or  synchronous 
converters  having  an  iminterrupted  supply,  the  converter  on 
the  interrupted  circuit  may  run  inverted,  receiving  energy 
from  the  direct-current  bus,  and  may  appear  to  be  operating 
normally.  A  synchronous  converter  may  also  run  inverted, 
because  of  too  low  transmission-line  pressure.  In  either  case, 
the  inversion  is  indicated  by  a  reversed  reading  of  the  direct- 
ciurent  ammeter. 

To  determine  whether  the  inversion  is  due  to  interrupted 
supply  or  to  low  transmission-line  pressure,  strengthen  the 
field  of  the  inverted  machine.  If  the  amount  of  inversion,  or 
back  feed,  is  thereby  reduced  and  the  speed  of  the  machine  is 
not  diminished,  the  indication  is  that  the  machine  is  still  nm- 
ning  synchronously  and  the  supply  is  iminterrupted.  If  *  how- 
ever, strengthening  the  field  causes  a  reduction  in  speed  and 
the  amotmt  of  back  feed  is  reduced  for  only  2  or  3  seconds,  the 
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transmission  supply  is  probably  interrupted.  As  long  as  a 
rotary  converter  is  operating  inverted,  the  alternating-current 
voltmeter  indication  is  not  a  reliable  means  of  determining 
whether  the  transmission-line  supply  is  interrupted,  because 
the  alternating-current  circuit  is  kept  alive  by  the  inversion. 
If  the  test  shows  the  supply  to  be  interrupted,  the  synchronous 
converter  should  be  disconnected  from  the  alternating-current 
busses  at  once;  because,  if  the  transmission  line  were  to  be 
made  aUve  with  the  inverted  converter  connected,  the  machine 
would  probably  be  seriously  damaged,  having  fallen  out  of 
step. 

41.  If  a  synchronous  converter  with  very  weak  field  excita- 
tion is  operating  in  parallel  with  other  sources  of  direct  current, 
an  interruption  of  the  alternating-current  supply  may  be  fol- 
lowed by  excessive  speed  of  the  machine,  now  motorized  on 
the  direct-current  side.  In  such  an  emergency,  the  speed-limit 
device  should  immediately  open  the  direct-current  circuit- 
breaker;  if  it  does  not,  the  operator  should  at  once  either 
strengthen  the  fields  or  open  the  direct-current  armature  circuit. 

If  an  inverted  synchronous  converter,  even  when  normally 
operating  with  a  strong  field  excitation,  feeds  back  into  a  circuit 
taking  lagging  current,  this  ctirrent  may  weaken  the  converter 
field  enough  to  cause  the  armattu'e  to  speed  up  dangerously. 
For  this  reason,  whenever  it  can  be  avoided,  induction  or  even 
synchronous  motors  should  not  be  operated  on  the  same  line 
with  synchronous  converters  that  feed  to  direct-current  busses 
having  other  sources  of  supply. 

Synchronous  converters  operating  in  parallel  with  some  other 
source  of  direct  ciurent  at  a  time  when  a  severe  short  circuit 
occurs  on  the  alternating-current  line  may  invert  or  back  feed 
from  the  direct-current  bus  and  supply  alternating  ciurent  to 
the  short  circuit,  even  after  the  line  oil  switch  at  the  generating 
station  has  opened.  If,  in  such  cases,  reverse-current  or  over- 
load relays  do  not  automatically  disconnect  the  inverted  imits, 
the  oil  switch  of  each  rotary  converter  should  be  opened  at 
once  by  the  operator. 
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POWER    FACTOR 

42.  The  regulation  of  the  power  factor  of  a  synchronous 
converter,  like  that  of  a  synchronous  motor,  is  effected  by 
changing  the  exciting  current.  Machines  built  with  r^:u- 
lating  poles  require  regulation  on  both  main  and  auxiliary 
fields,  as  do  also  converters  with  series  synchronous  boosters. 

A  s)nichronous  converter  operating  with  a  low  power  factor 
may  become  fully  loaded,  or  even  overloaded,  when  the  direct- 
current  ammeter  indicates  less  than  the  normal  current  rating, 
or  when  the  output  is  less  than  the  unit  is  rated  for.  If  the 
synchronous  converter  is  provided  with  an  alternating-current 
ammeter,  the  operator  should  observe  it  frequently  and  care- 
fully, as  it  indicates  the  actual  load  on  the  unit.  K  the  power 
factor  is  low,  the  direct-current  meters  or  the  alternating-cur- 
rent wattmeter  may  lead  the  operator  into  serious  error,  if 
he  relies  on  their  indications  alone.  If  no  alternating-current 
ammeter  is  provided,  the  cturent  can  be  calculated  from  read- 
ings of  the  alternating-current  wattmeter  and  the  power-factor 
indicator. 

A  synchronous  converter  should  be  operated,  as  near  as  pos- 
sible, at  tuiity  power  factor  and  at  full  load.  Shtmt-wound 
and  compound-wound  machines  with  the  series-field  cut  out 
or  short-circuited  shotdd  take  a  leading  current  at  no  load,  so 
as  to  give  imity  power  factor  with  load.  A  compound-wound 
machine  should  take  a  lagging  current  at  no  load. 
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MISCELLANEOUS  EQUIPMENT 


STORAGE  BATTERIES 


FLOATTNO 


48»  In  electric  stations  and  substations,  storage  batteries 
are  used  in  two  distinct  classes  of  service:  Peak-load  service, 
in  which  they  are  charged  at  times  of  light  load  and  discharged 
during  heavy-load  periods;  and  emergency ,  or  stand-by,  service, 
for  which  they  are  kept  charged  and  ready  for  immediate  dis- 
charge in  case  of  any  interruption  of  the  regular  direct-current 
output  from  generators  or  synchronous  converters. 

When  neither  charging  nor  discharging,  a  storage  battery 
can  be  disconnected  from  the  bus-bars  or  it  can  be  floated  on 
them.  In  order  that  a  battery  may  float  on  the  busses  its 
pressure  must  be  regulated  to  equal  the  bus-bar  voltage. 
Although  a  floating  battery  may  charge  and  discharge  in  small 
amounts,  taking  care  of  the  fluctuations  in  demand  and  sup- 
ply, the  battery  remains  available  for  practically  its  full  rated 
duty.  Under  such  conditions  the  battery  performs  a  third 
service,  that  of  steadying  the  bus  voltage  and  the  load  on  the 
station  machinery. 

44.  Considerable  care  must  be  taken  to  see  that  floating 
is  done  properly.  If  the  battery  pressiure  is  even  slightly  higher 
than  the  bus  voltage,  the  discharge  will  be  greater  than  the 
charge  and  the  battery  capacity  immediately  available  will  be 
gradually  reduced.  The  useftdness  of  the  battery  for  peak 
load  or  emergency  service  is  thus  diminished  and  the  generating 
machinery  is  not  materially  relieved.  Also,  where  end  cells 
are  used  to  regulate  the  battery  voltage,  some  of  the  cells  will 
be  discharged  less  than  the  others.     If  the  battery  voltage  is 
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too  low  for  correct  floating  there  will  be  a  net  charge,  which, 
though  harmless,  is  not  economical. 

45.  Correct  Floating  Voltages. — ^The  correct  floating 
voltage  per  cell  depends  on  the  type  of  cell;  the  proper  value 
for  a  given  type  is  generally  specified  by  the  manufacturers, 


Fig.  10 

and  may  lie  between  2.08  and  2.12  when  the  battery  is  fully 
charged.  To  keep  a  battery  floating  in  the  ftilly  charged  con- 
dition, its  voltage  must  be  changed  to  meet  changes  in  the 
bus-bar  voltage.  When  the  battery  voltage  is  regulated  by 
means  of  end  cells,  equality  of  bus-bar  and  battery  voltage 
cannot  be  maintained  exactly  without  changing  the  bus-bar 
voltage. 
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If  the  battery  is  to  float  in  a  partly  discharged  condition,  the 
floating  voltage  per  cell  must  be  determined  from  a  discharge 
curve,  because  the  voltage  of  a  cell  diminishes  as  the  discharge 
progresses. 

Lacking  knowledge  of  the  proper  floating  voltage,  the  oper- 
ator must  rely  on  the  indications  of  an  ammeter  or  ampere-hour 
meter  in  the  battay  circuit. 

Precise  floating  can  usually  be  obtained  on  lighting  systems; 
on  railway  systems  the  load  and  bus  voltages  are  generally  so 
variable  that  the  floating  is  only  approximately  correct. 

46.  Checking  Floating  Regulation. — ^The  method  of 
regulating  the  floating  by  cell  presstires  should  be  checked  by 
observing  the  indications  of  the  recording  voltmeter  and  the 
ampere-hour  meter,  and  by  testing  the  specific  gravity  of  the 
electrolyte  in  the  pilot  cell.  The  recording  voltmeter  should 
be  so  marked,  or  calibrated,  as  to  indicate  clearly  the  condition 
of  correct  floating,  and  it  shotdd  be  connected  across  a  consider- 
able number  of  cells,  else  its  indication  wiU  be  tinreliable.  The 
chart  shown  in  Fig.  10  is  printed  with  the  correct  floating  volt- 
age indicated  by  a  heavy-line  circle  with  which  the  wavy  line 
traced  by  the  voltmeter  needle  coincides  when  the  battery  is 
floating  properly.  On  the  actual  chart,  which  is  about  twice 
as  large  as  that  shown  in  the  illustration,  the  voltmeter  indi- 
cation is  traced  in  red  ink  and  the  printed  voltage  circle  is  a 
black  line  heavier  than  the  other  circles. 


DISCHARGE 

47.  A  storage  battery  is  caused  to  discharge  by  raising 
its  voltage  relative  to  that  of  the  bus,  and  the  amount  of  dis- 
charge is  controlled  by  regulating  the  relative  increase,  as 
explained  in  Storage  Batteries, 

48.  If,  at  any  time,  during  discharge,  the  number  of  ampere- 
hours  already  delivered  is  known,  the  length  of  time  during 
which  the  battery  can  be  further  discharged  at  a  given  rate  can 
be  determined  by  reference  to  a  set  of  curves  similar  to  those 


Digiti 


ized  by  Google 


32  OPERATION  OF  §  57 

shown  in  Fig.  1 1 ,  which  is  drawn  for  a  battery  capable  of  deliver- 
ing 1,060  amperes  for  1  hour.  The  heavy-line  curve  is  called 
the  capacity  curve;  each  of  the  broken-line  curves  represents 
the  discharge,  in  ampere-hours,  that  has  already  taken  place. 
For  example,  let  it  be  asstimed  that  the  battery  has  been  dis- 
charged for  30  minutes  at  a  rate  of  800  amperes  and  that  the 


S 


TIME  IN  HOURS 
Pig.  11 

operator  wishes  to  know  how  much  longer  the  discharge  can 
continue  at  a  rate  of  600  amperes.  The  number  of  ampere- 
hours  already  discharged  is  =400.    The  400-ampere- 

hour  discharge  curve,  marked  J^OO,  is  followed  to  its  intersec- 
tion  with    the   horizontal   line   corresponding   to   the   rate, 
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600  amperes,  to  be  carried.  The  desired  time  interval  is  then 
foimd  by  measuring  on  the  horizontal  scale  the  distance  between 
the  intersection  just  found  and  the  intersection  of  the  rate  line, 
600,  with  the  capacity  curve.  The  first-named  intersection  is 
at  a  point  corresponding  to  about  40  minutes  on  the  horizontal 
scale,  and  the  second-named  intersection  at  a  point  corre- 
sponding to  nearly  2  hours  and  30  minutes.  The  battery  can 
therefore  carry  a  load  of  600  amperes  for  2  hours  and  30  minutes 
less  40  minutes,  or  1  hour  and  50  minutes,  approximately. 

49.  When  a  battery  is  subjected  to  a  very  long  and  heavy 
discharge,  some  of  the  cells  may  be  completely  discharged  and 
reversed  in  polarity.  When  the  battery  is  again  charged,  these 
cells  will  be  again  reversed,  thus  making  their  polarity  correct; 
but  when  the  remaining  portion  of  the  battery  is  fully  charged, 
the  cells  that  were  reversed  will  be  only  partly  charged.  In 
order  to  complete  their  charge,  the  undercharged  cells  should 
be  connected  to  a  low-voltage  supply  and  charged  separately. 


CHABOINO 

60.  After  a  battery  is  discharged,  it  should  be  given  the 
regular  charge  as  soon  as  operating  conditions  will  permit. 
This  charge  is  usually  given  at  the  normal  rate,  which  can  be 
increased  if  the  charge  must  be  hastened. 

In  lighting,  power,  and  railway  service,  the  regular  charge 
is  usually  carried  on  at  constant  current.  The  curve  of  the 
recording  voltmeter  should  be  watched  during  the  charge,  as 
it  shows,  in  a  general  way,  the  state  of  the  charge.  There  will 
be,  first,  a  sharp  rise  in  pressure,  as  at  a.  Fig.  12,  followed  by  a 
long,  steady  rise  imtil  the  voltage  per  cell  reaches  a  maximimi, 
at  which  point  the  cells,  if  in  good  condition,  will  begin  to  gas 
rather  freely.  The  recording  voltmeter  curve  will  then  take  a 
steeper  rise  imtil  the  pressure  required  to  maintain  the  con- 
stant charging  rate  becomes  constant,  as  at  b.  The  charge 
should  be  continued  at  this  constant  pressure  for  about  15 
minutes  and  then  stopp^.  End  cells  that  were  discharged  a 
shorter  time  than  the  main  battery  will  become  fully  charged 
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before  the  others,  and  should  be  cut  out  of  circuit  as  soon  as  they 
have  been  gassing  freely  for  15  minutes. 

The  specific  gravity  of  the  acid  increases  during  charge  until 
it  reaches  a  maximum  and  constant  value  when  the  cell  is  com- 
pletely charged.  Hydrometer  readings  of  a  cell  in  good  con- 
dition, therefore,  serve  as  indications  of  the  state  of  charge. 

61«  Batteries  that  are  not  regularly  discharged  are  subject 
to  a  reduction  in  capacity  due  to  local  action  if  kept  on  open 


Fig.  12 

circuit,  or  if  floated  at  too  low  a  voltage.  When  a  battery  has 
not  been  discharged  and  recharged  for  a  considerable  time,  as 
10  days  or  2  weeks,  it  should  be  given  a  freshening  charge  to 
restore  the  cells  to  a  normal  and  imiform  condition.  All  the 
cells  should  be  in  circuit  and  the  charge  should  be  continued 
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unta  the  cells  gas  freely  and  the  charging  voltage,  with  a  con- 
stant ctirrent  rate,  remains  constant  for  15  minutes.  If  the 
battery  is  subject  to  a  slight  net  discharge  during  floating,  the 
freshening  charge  should  be  more  frequent,  once,  or  even  twice, 
a  week. 

62.  Formed-plate  batteries  should  have  an  overcharge 
at  intervals  of  2  or  3  weeks  if  they  have  had  no  regular  charge. 
In  overcharging,  the  charging  voltage  is  maintained  constant 
for  1  or  li  hours. 

63«  Fig.  12  shows  a  recording  voltmeter  chart  giving  volt- 
age records  for  floating  a  battery  fully  charged,  a  discharge  at 
the  1-hour  rate,  floating  after  discharge,  regular  charge  after 
a  discharge,  overcharge,  and  a  freshening  charge.  The  last 
two  would  not  occur  on  the  same  day  as  a  discharge  and  regular 
charge,  but  all  are  shown  together  for  comparison. 


^u 9 -Bars 
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SERIES  BOOSTER  GENERATORS 

64.  Direct-cturent  generators  used  as  boosters  are  con- 
nected in  series  between  the  direct-current  supply  (generator, 
synchronous  converter,  or  storage 
battery)  and  the  load.  The  method 
employed  in  putting  a  series  booster 
generator  into  service  varies  accord- 
ing to  the  arrangement  of  the  connec- 
tions; the  following  is  the  common 
procedure  for  boosting  feeders :  Close 
the  switches  a  and  6,  Fig.  13,  con- 
necting the  booster  generator  to  the 
bus  and  the  feeder,  respectively.  The 
booster  terminal  connected  to  the  bus 
must  have  a  polarity  opposite  that  of 
the  bus.  Open  the  feeder  switch  c, 
start  the  booster  motor,  not  shown, 
and  manipulate  the  field  rheostat  of  the  booster  generator 
until  the  correct  voltage  on  the  feeder  is  obtained.    When 


1  Booster 
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shutting  down  the  booster,  reverse  the  process;  reduce  the 
booster  voltage,  stop  the  motor,  close  the  feeder  switch,  and 
disconnect  the  booster. 


TRANSFORMERS 

56.  Large  transformers  in  electric  stations  or  substations 
are  generally  provided  with  primary  and  secondary  switches 
and  instruments.  If  properly  adapted  for  multiple  oper- 
ation, they  may  be  connected  in  parallel,  either  for  transfer 
of  load  from  one  to  the  other,  or  for  regular  operation. 

When  putting  large  transformers  into  service,  it  is  better 
to  close,  first,  the  switch  connecting  the  transformer  to  the  sup- 
ply and  then  the  one  connecting  the  load  to  the  transformer. 
In  this  way,  the  momentary  rush  of  current  is  lessened. 

Transformers  cooled  by  air  blast  must  not  be  operated  with- 
out a  continuous  supply  of  air.  If  a  transformer  is  imder  full 
load,  an  interruption  of  air  blast  for  only  a  short  time  may 
result  in  overheating  sufficient  to  damage  the  insulation  to  the 
breaking-down  point  or  in  permanently  injuring  the  steel  core. 
If  the  transformer  is  cooled  by  water  circulating  in  coils  of 
pipe  submerged  in  oil,  the  same  rule  applies.  Every  effort 
should  be  made  to  put  disabled  cooling  apparatus  into  con- 
dition as  soon  as  possible. 


POTENTIAL  REGI7LATORS  ON  DISTRIBUTINO 
CIRCUITS 

66.  The  voltage  regulation  of  an  alternating-current  cir- 
cuit for  local  distribution  from  a  generating  station  or  a  sub- 
station is  accomplished  by  means  of  a  potential  r^ulator 
connected  in  series  with  the  circuit.  An  automatically  oper- 
ated potential  regulator  should  occasionally  receive  attention 
to  see  that  it  is  maintaining  the  correct  pressure  on  the  cir- 
cuit. If  line-drop  compensators  are  not  used,  the  operator 
should  have  either  a  curve  or  a  schedule  showing  the  proper 
voltage  for  each  load  on  each  circuit,  in  order  that  he  can  check 
the  performance  of  the  regulators. 
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Non-automatically  operated  potential  regulators  require 
closer  attention  from  the  operator,  who  should  be  careful  that 
the  step-by-step  action  of  a  regulator  of  the  variable-trans- 
former type  is  positive  and  complete  each  time.  Manipula- 
tion of  the  hand  lever  should  be  performed  with  a  loose-wrist 
movement  so  as  not  to  retard  the  quick-jimip  action  of  the 
dial  switch.  

CARE  AND  MAINTENANCE  OF  ELECTRICAL 
MACHINERY 


GENERAL  INSTRUCTIONS 


INSTALLATION 

67.  Unpacking  and  Handling. — ^Large  machines,  too 
heavy  to  handle  complete,  are  shipped  in  sections,  which  are 
assembled  at  their  destination,  usually  by  the  erecting  depart- 
ment of  the  manufacturer,  and  always  according  to  the 
manufacturer's  instructions.  The  following  general  remarks 
on  installation  apply  more  particularly  to  machines  of  small  or 
moderate  size  shipped  completely  assembled. 

During  impacking  and  handling,  machines  or  parts  should 
be  carefully  protected  from  severe  shocks  or  blows.  The  eye- 
bolts,  or  bails,  when  provided,  should  be  used  for  lifting  the 
machines,  if  possible.  Great  care  should  be  exercised  in  han- 
dling castings  dtuing  extremely  cold  weather,  as  they  are  then 
easily  broken. 

68«  Location. — ^The  location  of  an  electrical  machine 
cannot  always  be  selected  with  a  view  to  the  best  results  in 
operation.  The  ideal  location  is  clean,  dry,  well  ventilated, 
easily  accessible,  and  in  plain  sight.  A  machine  should  not  be 
placed  where  it  will  be  exposed  to  moisture;  provision  should 
be  made  for  protection  against  drippings  from  steam  or  water 
pipes,  or  from  the  roof  or  wall  of  a  tunnel  or  a  mine.  The 
atmosphere  surrounding  a  machine  should  not  be  so  warm 
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that  the  maximtim  temperature  of  the  machine,  while  operating, 
will  exceed  the  limit  for  normal  running  set  by  the  manufactur- 
ers.   Freedom  of  the  atmosphere  from  acid  fumes  is  essential. 

69«  Foundations. — Solid  masonry  fotmdations  are  best 
for  electrical  machines,  but  timber  is  often  used  for  supporting 
machines  of  the  smaller  sizes.  In  any  case,  the  foundation 
should  be  solid  enough  to  prevent  vibration.  If  it  is  desirable 
to  insulate  a  machine  frame  from  the  groimd,  the  slide  rails 
or  bedplate  must  be  bolted  to  dry  timbers,  which  are,  in  turn, 
firmly  fastened  to  the  masonry  foimdation.  The  timbers 
should  be  treated  with  some  kind  of  moisture-repelling  com- 
potmd,  and  they  should  be  countersunk  where  they  receive  the 
bolts  that  hold  the  machine  bed.  The  heads  of  these  bolts 
should  be  covered  with  insulating  compound.  The  wood  or 
iron  uprights  or  stringers  for  mounting  motors  on  ceilings  or 
walls  should  be  heavy  and  rigidly  anchored  to  prevent  vibration. 

60.  Erection. — ^Before  a  machine  is  firmly  fastened  to  its 
foundation,  the  driving  and  driven  shafts  must  be  lined  up. 
The  pulleys  of  a  belt  drive  must  be  in  line,  so  that  the  belt  will 
run  true.  The  gears  of  a  gear  drive  must  mesh  properly. 
Two  shafts  of  a  direct  drive  must  be  in  line  before  the  coupling 
is  made.  The  aKnement  of  pulleys  can  sometimes  be  tested 
by  installing  the  belt  temporarily  and  tiuning  the  pulleys  by 
hand;  if  the  alinement  is  poor,  the  belt  will  tend  to  run  off. 

Motors  in  industrial  service  are  frequently  motmted  on  a  wall 
or  a  ceiling.  If  such  mounting  is  intended,  the  manufacturers 
should  be  so  informed  when  the  order  is  placed.  Some  types 
of  motors  are  provided  with  bearing  brackets,  or  housings,  that 
can  be  turned  through  an  angle  of  90°  for  wall  mounting  and 
through  180°  for  ceiling  motmting.  Sometimes  the  motor  is 
fastened  to  its  bedplate  or  its  slide  rails,  as  the  case  may  be, 
before  it  is  hoisted  into  position;  in  other  cases,  the  slide  rails 
are  mounted  in  place  before  the  motor  is  hoisted  to  its  posi- 
tion on  wall  or  ceiling;  the  method  followed  depends  on  the 
conditions. 

Vertical  motors  must  be  moimted  so  that  the  shaft  does  not 
incline  from  the  vertical  by  an  angle  greater  than  the  limit  set 
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by  the  manufacturers.  Also,  especial  care  must  be  taken  that 
the  driven  shaft  is  properly  alined  with  the  motor  shaft.  Ver- 
tical motors  should  be  very  securely  bolted  to  their  foundations. 

61.  Removal  of  Moisture. — ^The  windings  of  electrical 
machines  must  be  dry  before  full  voltage  is  applied.  Machines 
that  have  been  stored  in  unheated  buildings  or  have  been  long 
in  transit  should  have  their  windings  thoroughly  dried  before 
they  are  put  into  service. 

A  machine  can  be  conveniently  dried  by  sending  through  its 
windings  a  current  large  enough  to  raise  the  temperature  to 
about  70°  C,  but  not  over  85°  C.  The  temperature  should  be 
raised  gradually  through  several  hours,  the  time  depending 
on  the  size  of  the  machine,  and  should  be  kept  as  nearly  uni- 
form as  possible  throughout  the  windings.  At  no  time  during 
the  drying  process  should  the  temperature  of  the  windings  be 
allowed  to  drop  to  that  of  the  surrounding  air,  because  the 
moisture  would  then  condense  on  the  coils.  A  generator  can 
be  dried  by  its  own  current,  the  armature  circuit  being  short- 
circuited  beyond  the  ammeters  and  the  field  excitation  being 
reduced.  Field-exciting  current  from  a  separate  source  is  pref- 
erable. Both  the  field  and  armature  voltage  should  at  first 
be  kept  low,  because  damp  insulation  is  easily  broken  down. 
Some  means  must  be  provided  for  controlling  the  current,  and  the 
temperature  of  the  machine  should  be  watched  closely,  in  order 
to  prevent  the  interior  of  any  winding  from  becoming  too  hot. 

Small  motors  can  be  dried  in  ovens.  If  large  machines  must 
be  dried  by  external  heat,  sheet-iron  compartments  can  be 
built  around  them  and  the  interiors  heated  by  charcoal  stoves 
or  steam  pipes ;  the  latter  must  be  free  from  leaks.  The  drying 
of  electrical  machinery  by  any  process  is  very  slow.  It  may 
take  several  days  to  dry  a  large  machine. 


BEABINOS 


62,  When  first  starting  a  machine,  the  bearings  should  be 
watched  carefully  to  see  that  they  are  receiving  proper  lubrica- 
tion.    If  possible,  a  new  motor  should  be  run  for  1  or  2  hours 
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on  light  load  to  make  sure  that  the  bearings  will  work  without 
imdue  heating. 

Most  bearing  troubles  are  due  to  insufficient  lubrication, 
caused  by  poor  lubricant,  lack  of  lubricant,  dirty  lubricant, 
failure  of  oil  rings  to  revolve,  clogged  oil  grooves,  or  poor  grade 
of  waste  in  waste-packed  bearings.  Oil  that  is  too  thin  will 
not  stick  to  the  rings  or  chains  of  self-oiling  bearings  in  sufficient 
quantity  to  be  drawn  up  on  to  the  shaft,  and  the  bearing  will 
heat  due  to  lack  of  oil.  In  large  bearings,  where  the  distance 
that  the  oil  must  be  lifted  by  ring  or  chain  is  considerable,  the 
oil  must  be  thicker  than  that  used  for  small  bearings.  Some- 
times oil  rings,  especially  those  of  small  bearings,  do  not  revolve 
properly;  this  fault,  though  rare,  should  be  remedied  at  once. 

63.  The  first  symptom  of  poor  lubrication  is  heating  of  the 
bearing.  A  motor  or  generator  bearing  is  usually  safe  if  it  oper- 
ates at  a  constant  temperature  below  the  boiling  point  of  water, 
but  a  rapid  rise  of  temperature  toward  this  limit  is  indicative 
of  danger.  An  overheated  bearing  wiU  be  hot  to  the  touch  and 
will  give  off  the  odor,  and  perhaps  the  smoke,  of  burning  oil. 

Other  causes  of  heated  bearings  are  poor  bearing  surfaces, 
which  may  be  caused  by  careless  handling  or  by  dirt  in  the 
lubricant,  journal  cap  too  tight,  bent  shaft,  unbalanced  rotating 
parts,  bearing  out  of  line,  or  excessive  belt  tension. 

When  an  overheated  bearing  is  observed,  it  should  be  given 
an  abundant  supply  of  fresh  dean  lubricant.  K  this  treatment 
does  not  afford  relief  in  a  reasonable  time,  part  or  all  of  the  load 
should  be  removed  from  the  machine,  which  should  be  kept 
rotating  slowly  imtil  the  bearing  cools;  otherwise,  the  bearing 
will  freeze,  or  set.  When  the  bearing  cools  sufficiently,  the 
machine  can  be  stopped  and  a  search  made  for  the  trouble. 
An  inexperienced  person  should  not  attempt  to  repair  bearings. 


ROUTINE 


64.  The  proper  maintenance  of  electrical  machinery 
requires  that  it  be  given  regular  attention  to  keep  it  dean 
and  free  from  moisture,  grit,  and  add  fumes.    The  operator 
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should  at  frequent  and  regular  intervals,  make  careful  inspec- 
tions of  all  the  apparatus,  to  note  condition  of  contacts,  wear, 
heating,  and  general  conditions.  To  be  on  the  alert  to  prevent 
trouble,  systematic  tests  should  be  made  to  determine  the  con- 
dition of  the  electric  circuits.  The  insulation  resistance  tests, 
described  later,  should  be  applied  to  armature  and  field  wind- 
ings, machine  leads,  etc.  at  frequent  intervals. 

In  the  event  of  any  operating  trouble  or  defect  in  perform- 
ance, it  is  important  to  restore  normal  conditions  as  soon  as 
possible.  To  do  this,  it  is  necessary  to  proceed  systematically. 
Certain  symptoms  point  to  certain  causes  of  trouble,  and  a 
thorough  familiarity  with  both  symptoms  and  causes  is  essen- 
tial; haphazard  guesswork  may  only  compUcate  the  trouble. 


TROUBLES  OF  DIRECT-CURRENT  MACHINES 


POOR    COMMUTATION 

65.  List  of  Causes. — Under  unsatisfactory  performance  of 
direct-current  machines  may  be  included  poor  commutation, 
excessive  heating  of  electrical  parts,  and  noisy  operation. 

Poor  commutation  may  result  from  overload,  improper  posi- 
tion (lag  or  lead)  of  brushes,  hard  or  high-resistance  brushes, 
rough  commutator  bars,  high  mica  on  the  commutator,  grounds, 
short  circuits,  or  open  circuits  in  the  armature,  high-resistance 
connections  between  the  armature  coils  and  the  commutator, 
poor  brush  contact,  inaccurate  brush  spacing,  imeven  air  gap, 
or  weak  magnetic  field. 

66.  Overload. — ^The  symptom  of  overloading  is  general 
overheating  of  the  armature  and  commutator  accompanied  by 
sparking,  which  can  be  reduced,  but  not  stopped,  by  properly 
advancing  the  brush  position.  Overloading  may  also  be 
recognized  by  comparing  the  ammeter  reading  with  the  name- 
plate  rating  of  the  machine. 

67.  Wrong  Position  of  Bruslies. — ^For  satisfactory  per- 
formance, the  brushes  of  a  direct-current  machine  must  be  at 
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the  neutral  points  of  commutation.  On  most  standard  machines 
without  commutating,  or  regulating,  poles,  the  no-load  neutral 
points  are  in  line  with  the  centers  of  the  poles,  but  the  points 
change  positions  as  the  load  varies.  On  generators,  especially 
those  that  have  large  armature  reaction,  the  brushes  must  be 
set  forwards  in  the  direction  of  rotation  as  the  load  increases; 
on  motors,  the  brushes  are  set  backwards.  The  amount  of 
change  must  be  determined  by  experiment  for  each  machine. 
If  the  load  on  the  machine  is  of  a  more  or  less  fluctuating  nature 
and  attention  cannot  be  given  to  the  brush  position,  the  brushes 
should  be  left  in  the  position  that  gives  the  best  average  com- 
mutation for  all  loads  at  normal  voltage. 

68.  Hard  Brushes. — ^Brushes  that  are  too  hard  or  have 
too  high  a  specific  resistance  may  be  imable  to  carry  the  cur- 
rent at  the  contact  surface.  Some  generators  require  brushes 
that  are  harder  and  of  higher  resistance  than  can  be  used  satis- 
factorily with  others.  In  such  cases,  some  experimenting  is 
usually  necessary  to  determine  the  proper  kind  of  brushes  to 
use.  Brushes  should  not  be  changed,  however,  tmtil  it  is 
certain  that  the  cause  of  faulty  commutation  is  not  elsewhere. 

69.  Poor  Commutator  Surface. — ^Eccentricity  of  the 
commutator,  high  bars,  low  bars,  flats,  and  high  mica  are  all 
defects  that  necessitate  resurfacing.  Eccentricity  may  be 
detected  by  a  regular  rise  and  fall  of  the  brushes  in  their  holders, 
the  frequency  corresponding  to  the  speed.  The  commutator 
should  be  put  into  a  lathe  and  turned  concentric  to  the  shaft 
center,  or,  if  preferable,  the  lathe  tool  may  be  carried  on  a  port- 
able holder  moimted  on  the  generator  frame  and  the  com- 
mutator turned  in  place. 

High  bars,  if  not  too  high,  may  sometimes  be  cut  down  by 
using  carborundimi.  Sandpaper,  or  carborundum  paper  is 
best  for  cutting  down  projecting  mica.  Emery  paper  should 
not  be  used  for  this  purpose.  Low  bars  and  flats  are  best  treated 
by  turning  down  the  commutator  with  a  tool. 

70.  Armature  Defects. — Short  circuits,  grotmds,  reversed 
coils,  open  circuits,  and  high-resistance  contacts  in  armatures 
cause  firing,  or  sparking.     If  the  commutator  shows  burning 


Digiti 


ized  by  Google 


§  57  ELECTRICAL  MACHINERY  43 

or  blackening  on  certain  bars  and  inspection  shows  no  high  or 
low  bars  or  flats  some  one  of  the  foregoing  troubles  should  be 
looked  for.  Short-circuited  armature  coils  will  be  indicated  by 
their  excessive  overheating.  Open-circuited  coils  will  not  over- 
heat, but  will  cause  severe  firing  at  the  commutator  bars,  as  will 
also  high  resistance  in  a  coil  or  at  the  connection  between  the 
coil  and  the  commutator.  The  commutator  bar  will  usually  be 
found  to  be  burned  more  on  one  edge  than  on  the  other.  The 
most  probable  place  for  the  high  resistance  to  occur  is  at  the 
end  joints  or  in  the  commutator  connection. 

71.  Poor  Brusli  Contact. — If  the  curvature  of  the  brush 
does  not  properly  fit  that  of  the  commutator,  the  effective 
brush  surface  is  reduced,  catising  on  the  active  surface  a  high 
current  density  accompanied  by  overheating  and  firing.  This 
condition  may  be  found  by  inspection.  The  brushes  should  be 
resurfaced  with  a  strip  of  sandpaper  drawn  back  and  forth 
under  the  brush  while  in  place.  In  sandpapering  brushes,  care 
must  be  taken  to  hold  the  smooth  side  of  the  sandpaper  down 
on  the  surface  of  the  commutator  on  both  sides  of  the  brush. 
If  this  is  not  done,  one  or  both  edges  of  the  brush  will  be 
roimded  off,  and  it  wiU  have  contact  only  at  the  middle. 

72,  Inaccxirate  Spacing  of  Bruahes. — If  the  brush- 
holder  studs  are  not  properly  spaced  aroimd  the  commutator, 
when  the  brushes  on  one  stud  are  set  for  a  non-sparking  posi- 
tion those  on  some  other  stud  will  spark  because  they  are  not 
in  the  neutral  commutating  plane.  The  remedy  is  to  set  the 
brushes  in  the  positions,  found  by  experiment,  where  the  largest 
number  of  rows  are  not  sparking  and  to  mark  the  places. 
Having  done  this,  the  brushes  are  shifted  forwards  or  back, 
as  may  be  required,  to  positions  where  no  sparking  is  obtained 
on  other  rows,  thus  experimenting  to  find  how  much  it  is  neces- 
sary to  move  each  row  forwards  or  back  to  secure  sparkless 
commutation.  The  generator  should  then  be  shut  down  and 
the  brush-holder  studs  respaced  accordingly. 

Another  method  in  considerable  use  for  checking  the  spacing 
of  brushes  is  to  stop  the  machine  and  wrap  a  strip  of  paper  close 
around  the  commutator  under  the  brushes  and  to  mark  the 
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paper  at  the  front  edge  of  a  brush  in  each  stud.    If  these  marks 
are  not  equidistant  the  brush-holder  studs  should  be  respaced. 

73.  Unequal  Air  Gaps. — Unequal  air  gaps  between  pde 
faces  and  armature  will  cause  poor  commutation,  producing  an 
effect  similar  to  imequal  brush  spacing.  The  air  gaps  can  be 
measiu^d  by  a  long  tapering  wedge,  which  is  to  be  inserted  into 
the  gaps  in  a  direction  parallel  to  the  armature  slots.  If  the 
air  gaps  are  found  to  be  tmequal,  they  should  be  corrected  by 
recentering  the  armature  among  the  field  poles.  On  some 
machines,  the  bearing  housmgs  are  specially  arranged  for  cen- 
tering the  armature;  on  others,  the  bearings  must  be  relined. 

74.  Weak  Field. — As  a  catise  of  poor  commutation  a  weak 
field  is  usually  quickly  recognized,  as  it  also  results  in  low  volt- 
age in  a  generator  and  high  speed  in  a  motor.  If,  however,  the 
sparking  is  confined  to  one  or  two  rows  of  brushes,  the  trouble 
may  be  caused  by  a  local  weak  field  due  to  a  high  reluctance 
in  the  magnetic  circuit  caused  by  the  pole  piece  not  being  tightly 
seciured  to  the  field  yoke.     

EXCESSIVE    HEATING 

76.  List  of  Causes. — ^Excessive  heating,  another  form  of 
poor  performance  of  electrical  machinery,  may  result  from 
errors  in  design  or  construction,  defective  condition  of  the  appa- 
ratus, or  unfavorable  conditions  of  operation. 

76.  Errors  In  Design  or  Construction. — ^Electrical 
machinery  is  usually  subjected  to  severe  test  by  the  manufac- 
turer so  that  it  is  very  infrequent  that  defective  apparatus  is 
sold.  Errors  in  design  or  construction  include  use  of  the  wrong 
kind  of  steel  for  magnetic  cores,  copper  conductors  too  small  or 
with  too  low  a  specific  resistance  and  faulty  workmanship. 

77.  Defective  Condition  of  Apparatus. — ^Excessive 
heating  of  armatures  may  be  caused  by  poor  insulation  resulting 
either  from  dampness  or  from  carbonization  of  the  insulating  fab- 
ric by  previous  overheating  due  to  overloads.  A  test  for  low 
insulating  resistance  may  be  made  with  a  high  resistance 
voltmeter,  as  described  later.    There  will  usually  be  little 
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diflSculty  in  determining  whether  or  not  low  insulation  restilts 
from  dampness,  as  in  this  case  the  armatiire  will  steam  slightly 
after  being  shut  down.  ^  If  due  to  carbonization  of  the  insulating 
fabric,  the  insulation  will  be  brittle  and  weak  instead  of  touglt 
and  strong. 

Excessive  temperature  rise  in  a  magnetic  core  of  an  armature 
or  a  transformer  may  be  a  result  of  severe  overheating  due  to 
an  overload  at  some  previous  time.  In  such  cases,  the  remedy 
is  to  rebuild  or  to  replace  the  core.  If  large  eddy  currents 
are  generated  in  the  core,  they  may  be  due  to  the  destruction 
of  the  coating  of  insulating  japan  on  the  laminations.  If  this 
is  the  case,  it  will  be  suflScient  to  disassemble  the  core  and 
rejapan  the  laminations,  after  which  they  may  be  restacked 
and  the  winding  replaced.  This  is  a  very  expensive  process, 
and  can  usually  be  done  only  by  the  manufacturers,  or  by 
repair  men  equipped  for  such  work.  Short-circtdted  armature 
coils  may  cause  severe  local  heating  which,  if  not  stopped  in 
time,  will  cause  the  coils  to  be  burned  out. 

78.  Unfavorable  Operating  Conditions. — ^The  most* 
common  imfavorable  condition  causing  overheating  is  overload. 
If  it  is  not  possible  to  reduce  the  load,  every  effort  should  be 
made  to  improve  the  surrounding  conditions  and  to  remove 
as  much  of  the  heat  as  possible  by  better  ventilation.  Doors 
and  windows  should  be  open  to  estabUsh  a  good  circulation 
of  air,  and  if  a  fan  is  available,  even  of  the  ordinary  desk 
variety,  cool  air  should  be  blown  on  the  overheated  part. 

Unfavorable  surroimding  conditions  include  closed  doors  or 
windows,  close  proximity  of  other  heavily  loaded  machines, 
uncovered  steam  pipes,  radiation  from  steam  engines,  and  poor 
circulation  of  air.  The  operator  should  be  on  the  alert  for 
conditions  of  this  nature  and  do  whatever  is  possible  to  remove 
them. 


NOIST    OPERATION 


79.  Noisy  operation  may  be  caused  by  features  of  design 
and  manufacture,  such  as  high  magnetic  densities,  form  and 
ntunber  of  armature  teeth,  etc.,  or  it  may  be  due  to  mechanical 
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defects  that  require  attention.    Imperfections  of  design  are 
beyond  remedy  by  the  operator. 

Brushes  loose  in  their  holders  or  working  on  a  rough  com- 
mutator are  common  sources  of  noise;  they  should  be  read- 
justed or  the  commutator  resurfaced.  Armature  rubbing 
against  field  poles,  rotating  fields  touching  armature  cores,  and 
induction-motor  rotors  rubbing  against  their  stators  are  also 
mechanical  defects  indicated  by  noise.  In  most  of  such  cases, 
the  noises  are  barely  noticeable  at  first,  as  the  rubbing  is  gen- 
erally slight  in  the  beginning.  As  it  is  important  that  they 
be  found  as  quickly  as  possible,  the  operator  should  carefully 
investigate  the  cause  of  every  unusual  sotmd. 


LOW    VOI/TAOE    OF    GENERATOR 

80.  List  of  Causes. — ^The  service  of  a  generator  is  imsatis- 
factory  when  its  voltage  is  too  low.  The  causes  of  low  volt- 
age are  overload,  low  speed,  improper  setting  of  brushes,  arma- 
ture defects,  and  weak  magnetic  field.  Overloading  and  wrong 
position  of  brushes  are  recognized  by  the  symptoms  given  in 
Arts.  66  and  67,  respectively. 

81.  Armature  Defects. — ^Armature  defects,  such  as  open- 
circuited,  or  reversed,  coils,  lower  the  generator  voltage  by 
reducing  the  effective  number  of  conductors  cutting  the  mag- 
netic field.  Such  defects  are  easily  recognized  by  the  kind  of 
sparking  on  the  commutator.  Sparking  caused  by  improper 
brush  position  or  overload  is  continuous;  that  due  to  armature 
defects  is  either  confined  to  the  commutator  bars  connected  to 
the  affected  coils  or,  if  continuous,  is  more  severe  on  those  bars. 

82.  Low  Speed. — ^Low  speed  can  be  detected  by  nieans  of 
a  tachometer,  or  speed  cotmter.  If  the  generator  is  driven  by 
a  belt,  the  speed  of  the  driving  pulley  and  also  that  of  the  gener- 
ator should  be  taken,  in  order  to  determine  whether  or  not 
there  is  any  slip  of  the  belt.  In  most  cases,  belt  slip  can  be 
recognized  by  a  sharp  screeching  sotmd,  which  may  be  con- 
tinuous or  intermittent.  In  some  cases,  belt  slipping  is  stopped 
by  so  moving  the  generator  as  to  tighten  the  belt,  but  as  this 
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increases  the  tendency  to  heat  the  bearings,  it  is  not  always 
the  best  procedure.  If  possible,  the  belt  friction  on  the  pulleys 
should  be  increased;  and  it  sometimes  occurs  that  this  friction 
is  reduced  by  oil  getting  on  the  working  surface. 

83«  Weak  Magnetic  Field. — ^Weak  magnetic  field  may 
be  due  to  improper  position  of  the  rheostat  contact-arm,  causing 
too  much  resistance  to  be  included  in  the  field  circuit;  and  it 
may  be  caused  by  a  poor  magnetic  contact  causing  high 
reluctance  in  the  magnetic  circuit.  In  order  to  test  the  field 
circuit,  turn  the  rheostat  arm  to  the  position  for  strong  field 
excitation,  that  is,  so  as  to  cut  the  rheostat  resistance  out  of 
circuit,  and  by  means  of  a  portable  voltmeter  measure  the  fall 
of  potential  across  the  entire  field  winding,  making  connections 
at  the  field-terminal  lugs  on  the  machine  frame.  If  the  poten- 
tial drop  across  the  field  winding  is  less  than  the  machine  volt- 
age indicated  by  the  switchboard  voltmeter,  test  each  part  of 
the  field  leads  separately  in  order  to  locate  the  defect.  If  the 
potential  drop  in  the  winding  is  equal  to  the  generated  voltage, 
test  each  coil  separately,  taking  care  to  include  in  each  case  the 
connection  to  the  adjacent  coil.  If  the  fall  of  potential  across 
any  coil  is  foimd  to  be  very  much  higher  than  it  is  on  the 
others,  the  high  resistance  is  between  the  points  over  which 
the  large  pressure  drop  occurs.  The  connection  should  be  care- 
fully examined,  as  it  will  be  much  more  probable  that  the  high 
resistance  is  in  one  of  the  connections  between  coils  than  inside 
the  coil  itself. 


FAILURE    OF    MOTOR   TO    OPERATE 

84.  Meclianical  Troubles. — ^The  mechanical  troubles  that 
may  cause  a  motor  to  stop  or  fail  to  start  are  severe  overload, 
bent  shaft,  tight  bearings,  contact  between  armature  and  field 
poles,  brush  holders  jammed,  or  excessive  friction  due  to  any 
cause. 

A  motor  of  small  or  moderate  size  that  can  be  disconnected 
from  its  load  can  be  examined  for  mechanical  trouble  by  turn- 
ing it  by  hand.  If  it  turns  harder  than  it  should,  mechanical 
trouble  is  indicated.     If  resistance  to  turning  is  greater  at  one 
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point  than  at  others,  it  may  be  caused  by  a  bent  shaft  or  rub- 
bing contact  between  annattu^  and  field  or  between  rotor  and 
stator.  If  the  resistance  to  ttiming  is  uniform,  or  if  the  rotating 
parts  cannot  be  turned  at  all,  the  bearings  may  be  tight  owing 
to  the  bearing  cap  having  been  screwed  down  too  firmly  or  to 
seizing,  or  freezing,  caused  by  overheating  of  the  Babbitt, 
due  to  lack  of  oil. 

Severe  overload  may  cause  the  fuse  in  the  supply  circuit  to 
blow  and  thus  shut  down  the  motor,  or,  if  the  load  is  heavy 
enough,  may  prevent  the  motor  from  starting.  The  remedy 
is,  of  course,  to  reduce  the  load  to  within  proper  limits. 

86.  Electrical  Troubles. — ^The  more  common  electrical 
troubles  that  cause  failure  of  operation  of  a  motor  are  open 
circuit  in  the  supply,  open-field  circuit,  and  wrong  connections. 

An  open  circuit  in  the  supply  may  be  caused  by  a  melted 
fuse,  or  by  a  broken  wire  or  connection;  the  brushes  may  not 
be  in  contact  with  the  commutator;  or  the  current  may  be  shut 
oflE  at  the  generating  station  or  at  a  break  in  the  line. 

86.  If  the  field  circuit  is  open,  the  motor  will  not  start; 
and  if  very  much  of  the  starting  resistance  is  cut  out  of  circuit, 
the  motor  fuse  will  blow.  If  from  any  cause  the  field  circuit 
is  opened  while  the  motor  is  in  operation,  the  armatiu^  speed 
will  increase  and  the  current  will  become  very  great;  the  arma- 
ttu-e  will  probably  be  destroyed  if  the  fuse  does  not  blow.  If 
the  motor  is  imder  heavy  load,  the  mechanical  drag  will  pre- 
vent a  rapid  acceleration,  a  heavy  current  will  result,  and  the 
fuse  will  blow  or  the  circuit-breaker  will  open.  A  break  in  the 
field  circuit  is  indicated  by  the  failure  of  any  pole  piece  to 
attract  a  small  piece  of  soft  iron  when  the  field  terminals  are 
connected  to  the  source  of  supply. 

87.  A  break  in  a  field  circuit  will  usually  be  found,  by 
inspection,  to  be  in  one  of  the  leads  or  connections.  If  inspec- 
tion fails  to  discover  the  break,  the  field  coils  should  be  tested 
with  a  voltmeter,  as  follows :  Connect  the  field  terminals  to  the 
source  of  supply,  leaving  the  armattire  circuit  open.  Connect 
one  terminal  of  the  voltmeter  to  one  of  the  field  terminals,  making 


Digiti 


ized  by  Google 


§  57  ELECTRICAL  MACHINERY  49 

sure  that  the  polarity  is  correct.  To  the  other  terminal  of  the 
instrument  connect  an  insulated  wire  bared  for  a  short  distance 
from  the  free  end,  so  as  to  make  a  contact  point.  Touch  this 
point  successively  to  the  jtmctions  between  the  field  coils. 
When  the  voltmeter  shows  a  deflection,  the  last  coil  included 
by  the  voltmeter  connections  is  the  defective  one.  The  volt- 
meter must  have  a  range  at  least  equal  to  the  full  voltage  of  the 
supply. 

An  open-circuited  field  coil  can  also  be  located  by  the  fol- 
lowing method:  Connect  the  field  terminals  to  the  source  of 
supply,  leaving  the  armature  circuit  open,  as  before.  Short- 
circuit  each  field  coil  in  succession,  each  time  testing  the  field 
poles  for  magnetism  with  a  small  piece  of  soft  iron.  When  the 
defective  coil  has  been  short-circuited,  the  field  poles  will 
strongly  attract  the  iron.  In  this  case  the  short  circuit  should 
be  removed  in  a  way  to  avoid  severe  inductive  effect. 

88.  The  foregoing  has  reference  to  a  shimt-field  circuit;  a 
break  in  the  conductors  or  connections  of  a  series-field  wind- 
ing is  equivalent  to  a  break  in  the  supply  circuit. 

89.  Wrong  connections  on  motors  are  tmcommon,  but 
among  those  to  be  looked  for  are:  Motor  armature  in  series 
with  retaining  magnetic  coil  of  starting  box;  shimt  field  in  series 
with  armattire;  shtmt  field  connected  on  wrong  side  of  starting 
resistance;  wrong  terminal  of  the  motor  connected  to  the  start- 
ing box;  and  part  of  the  field  coils  reversed. 

If  the  armature  is  in  series  with  the  coil  of  the  retaining  mag- 
net, an  attempt  to  start  the  motor  will  result  in  burning  out 
the  coil.  This  error  will  result  from  interchanging  the  field 
and  armature  leads  at  the  connection  to  the  starting  box. 

If  the  shimt  field  of  a  motor  is  connected  in  series  with  the 
armature,  the  current  from  the  latter  will  be  so  limited  as  to 
prevent  the  motor  from  reaching  any  considerable  speed. 

If  the  shimt  field  is  connected  on  the  wrong  side  of  the  start- 
ing resistance,  the  motor  will  be  weakly  excited  when  starting 
current  is  applied  and  may  start  badly  or  not  at  all.  If  it 
starts,  the  field  will  be  strengthened  as  starting  resistance  is 
cut  out  and  the  motor  will  run  slower  than  normal. 
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If  the  armature  connection  of  the  starting  box  is  made  to 
the  motor  terminal  to  which  the  shimt  field  is  connected,  the 
fields  will  be  practically  imexcited,  and  the  motor  may  not 
start,  or,  if  it  does,  will  not  speed  up,  but  the  fuse  will  blow 
or  the  circuit-breaker  will  open. 

If  a  part  of  the  field  coils  are  reversed,  the  error  may  be  found 
by  exciting  the  fields  and  using  a  pocket  compass,  holding  it 
near  the  pole  pieces  in  such  position  as  to  indicate  the  polarity 
of  the  magnets.  If  a  pocket  compass  is  not  at  hand,  a  piece 
of  soft  iron  bar  or  a  nail  may  be  held  so  as  to  bridge  across 
between  two  adjacent  pole  pieces.  If  the  bar  of  iron  or  steel 
is  held  firmly  to  both  pole  pieces  the  poles  are  of  opposite 
polarity;  if  it  is  repelled  from  one  they  are  alike. 


FAILURE    OP    GENERATOR    TO    OPERATE 

90.  A  direct-ciurent  generator  may  fail  to  generate  because 
of  wrong  connections,  open-field  circuit,  too  weak,  residual  mag- 
netism, severe  overload,  reversed  polarity,  or  poor  brush  contact. 

Wrong  connections  include  such  errors  as  connecting  shimt 
field  in  series  with  armattu'e,  or  reversing  part  of  the  field  coils. 
An  open  circuit  in  the  field  circuit  will  result  in  no  excitation 
and  consequently  no  generation. 

A  shunt  generator  will  not  build  up  its  voltage  if  started 
under  a  heavy  load.  It  builds  up  its  voltage  best  on  open 
circuit.  Also,  in  operation,  it  drops  its  voltage  if  a  certain 
critical  load  is  exceeded. 

If  a  generator  fails  to  excite  itself,  the  operator  should  exam- 
ine all  connections,  try  a  temporarily  increased  pressure  on  the 
brushes,  examine  the  field  rheostat  for  a  bum  out  or  a  broken  coil, 
test  the  field  coils  for  open  circuit,  and  check  up  the  position  of 
the  brushes.  If  nothing  wrong  is  foimd  with  the  connections  or 
the  windings,  it  may  be  necessary  to  excite  the  field  from  an  out- 
side sovirce  of  energy  in  order  to  restore  the  residual  magnetism. 

91.  If  the  residual  magnetism  is  too  weak  or  is  completely 
destroyed,  the  poles  will  not  attract  pieces  of  soft  iron  held 
in  such  position  as  to  bridge  across  two  adjacent  poles. 
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If  the  machine  is  compoimd  wound  and  another  machine 
is  in  operation,  dose  the  equalizer  connections  of  both  gener- 
ators and  close  to  the  bus  the  armature  switch  of  the  same 
polarity  as  the  equalizer  connection  of  the  imexcited  generator. 
A  part  of  the  output  of  the  running  machine  will  then  pass 
through  the  series-winding  of  the  unit  that  will  not  generate. 
If  the  machine  is  then  run  at  full  speed,  the  generator  will 
pick  up. 

If  the  machine  is  shimt  woimd  and  current  from  another 
machine  or  a  storage  battery  is  available,  pass  current  from 
the  running  machine  in  proper  direction  through  the  fields  but 
not  through  the  armature.  The  procedure  is  as  follows :  Open 
the  armature  circuit  by  disconnecting  one  terminal  of  the  arma- 
ture leads  between  the  shunt  field  tap  and  the  armature;  close 
the  main  armattire  switches  to  the  busses  to  which  the  run- 
ning machine  or  the  storage  battery  is  connected;  first  strengthen 
and  then  weaken  the  field  excitation  by  means  of  the  field 
rheostat;  open  the  armature  switches,  taking  care  to  open  the 
first  one  slowly,  drawing  out  a  long  arc,  to  avoid  a  high  induc- 
tive electromotive  force  in  the  field  winding;  reconnect  the 
armature  terminal  and  start  in  the  usual  way. 

92.  If  no  other  generator  or  storage  battery  is  available, 
disconnect  one  terminal  of  the  shimt-field  circuit  and  connect 
it  to  one  terminal  of  a  few  primary  cells  in  series.  Connect 
the  other  terminal  of  the  battery  to  the  remaining  shtmt-field 
terminal.  Use  cells  with  large  current  capacity  and  take  care 
to  connect  the  positive  terminal  of  the  battery  to  the  positive 
end  of  the  field  circuit.  Connect  a  portable  voltmeter  between 
the  disconnected  terminal  of  the  shimt-field  winding  and  the 
binding  post  from  which  it  was  disconnected.  The  instru- 
ment will  then  indicate  the  voltage  of  the  batteries  while  excit- 
ing the  fields.  Cut  out  of  circuit  all  resistance  in  the  field 
rheostat,  and  start  the  machine.  When  the  voltage  of  the 
generator  is  equal  to  that  of  the  batteries,  which  will  be  indi- 
cated by  the  voltmeter  reading  being  reduced  to  zero,  recon- 
nect the  shunt-field  terminal  and  immediately  disconnect  the 
battery.    If  the  voltmeter  reading  cannot  be  reduced  to  zero, 
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it  is  an  indication  that  more  exciting  current  is  required;  either 
more  cells  should  be  connected  in  series  to  secure  higher  poten- 
tial or  additional  cells  should  be  connected  in  parallel  with 
those  already  in  circuit,  in  order  to  obtain  a  larger  current 
capacity.  High-voltage  machines,  500  volts,  require  more  cells 
than  do  those  of  lower  potential. 

93.  Reversed  polarity  of  a  generator  will  be  indicated  by 
reversed  readings  of  the  main  voltmeter.  It  may  be  corrected 
by  either  of  the  first  two  methods  (Art.  91)  given  for  exciting 
a  machine  that  has  lost  its  residual  magnetism.  If  no  other 
generator  or  storage  battery  is  available,  the  third  method 
(Art.  92)  may  be  used,  but  in  this  case  about  twice  as  many 
cells  will  be  needed  as  for  mere  excitation. 


TROUBLES  OP  ALTERNATTNG-CUIIRENT 
MACHINES 


INDUCnON-MOTOB    TROUBLES 

94.  Altemating-cturent  machines  are  free  from  troubles 
due  to  poor  conmiutation,  which  is  the  chief  cause  of  unsatis- 
factory operation  of  direct-current  machines.  Beyond  routine 
inspection  and  cleaning,  alternating-current  machines  require 
very  little  care.  Most  of  the  troubles  of  alternating-current 
motors  are  due  to  faults  in  the  external,  or  supply,  circuit. 
The  effects  of  variations  in  the  energy  supply  can  be  learned 
from  a  study  of  the  performance,  or  operation,  characteristics. 

96.  Sliut-Down  of  Motor. — ^A  shut-down  of  an  induc- 
tion motor  may  be  caused  by  an  overload  or  by  any  condition 
producing  excessive  friction.  Especial  attention  should  be 
given  to  inspection  of  the  air  gap  of  an  induction  motor  that 
has  been  in  operation  for  a  considerable  time.  The  air  gaps 
of  induction  motors  are  made  as  small  as  is  consistent  with 
proper  clearance;  consequently,  a  comparatively  small  wear 
on  the  bearings  may  let  the  rotor  rub  against  the  stator,  which 
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will  eventually  cause  enough  friction  to  shut  down  the  machine, 
and,  at  the  same  time,  may  cause  considerable  damage  to  it. 
A  break  in  one  leg  of  the  supply  circuit  will  cause  a  shut- 
down unless  the  motor  is  lightly  loaded.  Also,  a  low  supply 
voltage  may  so  reduce  the  torque  that  the  motor  is  no  longer 
able  to  carry  its  load. 

96.  Failure  of  Motor  to  Start. — ^The  failure  of  an  induc- 
tion motor  to  start  may  be  due  to  any  of  the  troubles  that  cause 
a  shut-down.  If  the  starting  voltage  is  too  low,  the  motor  will 
not  start;  if  too  high,  it  will  start  too  rapidly  and  will  take 
excessive  current.  Also,  the  torque  will  be  greatly  reduced 
when  the  switch  is  in  the  running  position.  An  open  circuit  in 
the  autostarter  will,  of  course,  prevent  the  motor  from  starting. 

97.  Winding  Faults . — ^Winding  faults  in  induction  motors 
are  very  rare,  but  sometimes  they  exist  in  new  motors,  having 
escaped  the  notice  of  the  factory  inspectors.  These  faults  may 
be  looked  for  if  examination  fails  to  reveal  any  of  the  troubles 
previously  given. 

With  one  leg  of  a  phase-wound  rotor  open,  the  motor  pulls 
in  at  about  half  speed  and  continues  to  run  at  the  same  rate. 
The  primary  currents  will  be  imbalanced,  and  the  pull-out 
torque  of  the  motor  will  be  reduced.  A  reversed  primary  coil 
or  a  short-circuited  primary  coil  will  cause  unbalanced  primary 
currents  and  overheating.  If  one  phase  of  the  field  is  open- 
circuited,  the  motor  will  refuse  to  start. 

Squirrel-cage  rotors  with  soldered  bars  sometimes  cause 
trouble,  due  to  poor  contacts  at  some  of  the  joints.  When 
some  of  the  joints  are  bad,  the  motor  will  take  imbalanced 
currents  and  may  not  come  up  to  speed. 


SYNCHBONOUS-MOTOR    TBOUBLBS 

98.  The  failure  of  a  synchronous  motor  to  start  may  be 
due  to  faulty  connections  in  the  motor  leads  or  in  the  starting 
compensator.  Inspection  should  be  made  for  poor  contacts 
ox*  open  circuits.  An  open  circuit  or  a  short  circuit  in  one  phase 
will  prevent  starting.    Ammeters  in  the  circuit  will  indicate 
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whether  the  trouble  is  an  open  circuit  or  a  short  circuit,  giving 
zero  reading  for  the  f onner  and  abnormal  reading  for  the  latter. 
Too  much  load  or  excessive  friction  will  prevent  a  start. 
The  ordinary  synchronous  motor  will  not  start  with  more  than 
one-third  of  its  full-load  torque.  The  field  should  be  left 
imexcited  imtil  the  motor  reaches  nearly  synchronous  speed;  it 
will  not  start  with  excited  fields. 

99.  Poor  Torque. — If  poor  torque  is  developed  by  a 
synchronous  motor,  the  trouble  will  generally  be  found  in  the 
field  circuit.  A  glance  at  the  exciter  voltmeter  or  pilot  lamp 
will  tell  whether  the  exciter  is  generating  its  proper  voltage. 
An  open  circuit  in  the  motor-field  winding  or  rheostat  will 
cause  the  motor  armature  to  take  excessive  current;  the  motor 
will  stop  or  develop  excessive  heat.  A  short-circuited  or 
reversed  field  coil  will  manifest  itself  by  causing  the  motor  to 
require  more  than  the  normal  field  current  for  a  given  load. 

100.  Overheating. — Overheating  of  a  synchronous  motor 
is  frequently  due  to  an  attempt  to  make  the  motor  carry  its  rated 
load  and  at  the  same  time  to  adjust  the  field  to  improve  the 
power  factor  on  the  line.  A  short  circuit  in  an  armatiu^  coil 
usually  bums  out  the  coil  completely. 


DANGERS  OP  PHYSICAL  INJURY 


DANGERS    FROM    MECHANICAL   80UBCE8 

101.  The  operator  shotdd  be  especially  careful  to  avoid 
contact  with  moving  belts,  gears,  rotating  armatures,  or  fields, 
flywheels,  etc.  When  working  in  the  neighborhood  of  rotating 
machinery,  he  should  avoid  proximity  to  live  circuits,  or  to 
static  discharge  from  belts,  either  of  which  may  cause  an  invol- 
untary movement  that  may  bring  about  a  dangerous  contact 
with  the  belt  or  with  gears,  or  other  rotating  parts. 

Bursting  of  rotating  parts  may  cause  pieces  to  be  thrown 
about  with  great  force.  Such  bursting  may,  in  some  cases, 
be  caused  by  errors  in  operation,  as,  for  example,  the  opening 
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of  the  field  circuit  of  a  direct-current  motor  while  the  arma- 
ture is  still  comiected,  or  the  opening  of  the  field  circuit  of  a 
rotary  converter  while  disconnected  from  the  alternating- 
current  supply  and  still  connected  to  a  source  of  direct  ciurent. 
Under  these  conditions  the  acceleration  is  generally  very  rapid, 
and  only  a  few  seconds  may  be  required  for  the  armatures  to 
reach  dangerous  speeds. 


DANGER    FROM    ELECTRICAL   SOURCES 

102.  The  extent  of  danger  due  to  electric  causes  depends 
somewhat  on  the  character  of  the  apparatus,  being  greater 
when  the  voltage  is  high  and  when  the  safeguards  are  inade- 
quate. It  is  not  practicable  to  name  any  particular  voltage 
as  a  safety  limit,  as  a  voltage  that  might  be  harmless  to  one 
individual  might  be  fatal  to  another.  Again,  a  pressure  that 
would  be  harmless  if  applied  across  the  hand,  might  cause 
instant  death  if  so  applied  that  the  current  would  flow  through 
the  heart  or  the  brain.  In  addition  to  the  danger  of  injury 
due  to  electric  shock  is  that  due  to  electric  bums,  of  which 
there  are  two  kinds,  flesh  and  contact  bums.  For  these  reasons 
two  sa!fe  rules  are :  Never  allow  any  part  of  the  body  to  become 
a  part  of  an  electric  circuit;  and  never  expose  any  part  of  the 
body  to  even  close  proximity  to  an  electrical  arc. 

103.  In  order  to  avoid  accidentally  causing  a  part  of  the 
body  to  become  a  part  of  a  circuit,  the  operator  should  be  care- 
ful, when  obliged  to  touch  live  parts,  to  stand  in  such  a  man- 
ner that  he  touches  them  with  only  one  part  of  the  body.  If 
any  portion  of  the  machine  circuit  is  grounded,  the  ground  is 
also  a  live  part,  and  contact  with  it  when  handling  the  machine, 
is  to  be  avoided.  The  last  statement  applies  to  street-railway 
systems  having  one  side  grounded,  to  alternators  having  one 
conductor  or  a  neutral  connection  groimded,  to  grounded  three- 
wire  systems,  or  to  any  similar  arrangement.  Thus  is  indicated 
the  advisability  of  using  an  insulated  platform,  stool,  rubber 
mat,  rubber  shoes,  or  rubber  gloves. 

A  dry  wooden  floor  is  ordinarily  good  insulation  for  poten- 
tials up  to  250  volts ;  dry  white  pine  is  better  than  the  hardwood. 
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A  J-inch  to  ^-inch  ptire-rubber  mat,  if  clean  and  dry,  is  good 
protection  up  to  about  1,000  volts.  For  pressures  exceeding 
1,000  volts,  nothing  less  safe  than  a  stool  with  good  glass  or 
porcelain  insulators  should  be  used,  and  the  safer  practice  is 
not  to  touch  live  parts  carrying  such  voltages. 

104.  In  order  to  avoid  the  possibility  of  current  through 
some  part  of  the  body,  it  is  advisable,  whenever  live  circuits 
must  be  handled,  to  do  as  much  as  possible  of  the  work  with 
one  hand.  The  other  hand  should  be  kept  on  the  side  of  the 
body  away  from  live  parts,  and  care  should  be  taken  that 
the  knees  do  not  touch  the  machine  frame  while  work  is  being 
done  with  the  hands. 

High-tension  three-phase  systems  are  now  generally  grounded 
at  their  neutral  points,  and  therefore  a  person  standing  in  elec- 
tric contact  with  the  ground  and  touching  any  one  of  the  phase 
conductors  would  complete  a  circuit  to  the  earth.  When  the 
voltage  is  very  high,  care  must  be  taken  not  to  come  into  even 
close  proximity  to  the  conductors  on  account  of  the  possi- 
bility of  a  jump  to  the  body.  Such  a  jtimp  is  more  liable  to 
occur  from  a  point  or  sharp  angle  on  the  conductor  than  from 
a  flat  or  rotmd  surface. 

No  work  on  high-tension  equipment  should  be  done  with- 
out permission  from  the  person  in  charge  of  such  matters,  as 
it  is  nearly  always  necessary  to  disconnect  the  equipment 
from  the  system.  The  cleaning  and  inspection  of  high-tension 
equipment  is  usually  done  at  regular  intervals  under  the  super- 
vision of  the  chief  operator,  who  takes  the  necessary  precau- 
tions to  render  the  work  safe. 

106.  Electric  bums  may  result  from  blowing  fuses,  acci- 
dental short  circuits,  breaking  heavy  currents  with  air-break 
switches,  or  causing  current  to  flow  through  a  part  of  the  body. 
In  breaking  heavy  currents  with  air-break  switches,  if  the  pres- 
sure tending  to  maintain  the  arc  is  high,  the  hands  and  face 
should  be  protected  against  the  effects  of  the  arc.  Where  there 
is  a  back  feed,  as  in  the  case  of  a  parallel  system,  this  condi- 
tion is  not  likely  to  be  serious.  When  inserting  or  replacing 
potential  transformer  fuses,  the  operator  should  stand  on  a 
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sufficient  insulator  and  use  rubber  gloves  or  a  pair  of  insulat- 
ing tongs,  or  both,  if  possible. 

106.  The  operator  should  always  remember  that  the 
source  of  danger  is  invisible,  that  it  must  be  guarded  against 
by  continual  vigilance,  and  that,  as  he  becomes  proficient  in 
the  operation  of  electrical  machinery,  there  is  danger  of  a  grow- 
ing tendency  toward  carelessness  due  to  familiarity. 


TESTS  FOR  FAXJLTS  IN  ELECTRICAL 
CIRCUITS 


CLASSIFICATION 

107.  Tests  for  faults  in  electric  circuits  are  of  two  kinds, 
qualitative  and  quantitative.  Qualitative  tests  are  made 
merely  to  detect  the  existence  or  natiu^  of  a  fault;  accurate 
measurements  are  not  required.  Quantitative  tests  are  those 
requiring  more  careful  use  of  measuring  instruments.  In  prac- 
tice, a  circuit  may  be  divided  into  parts,  each  of  which  is  tested; 
then  the  series  of  qualitative  tests  combined  form  a  location 
test.  The  most  common  forms  of  faults  in  electric  circuits 
are  breaks,  crosses,  and  grounds. 


QUALITATIVE  TESTS 


TESTING  •  DEVICES 

108.  A  magneto-bell,  Fig.  14,  is  a  small,  hand-power, 
alternating-current  generator  connected  to  a  bell  similar  to  the 
call  bell  on  a  telephone.  The  armattu-e  is  driven  at  high  speed 
by  means  of  gears  g  and  p.  The  test  leads  are  attached  to 
terminals  /  and  t\ 

A  magneto-bell  is  used  by  appljdng  the  test  leads  to  the  cir- 
cuit to  be  tested  and  turning  the  crank  of  the  generator.     If 
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the  circuit  is  complete  and  within  the  resistance  through  which 
the  magneto  is  designed  to  ring,  the  bell  will  ring.  The  fail- 
ure of  the  bell  to  ring  indicates  that  the  circuit  between  the 
magneto  terminals  is  open,  or  of  a  resistance  too  great  to  pass 
enough  current  to  ring  the  bell.  If  the  generator  turns  very- 
hard  when  the  bell  rings,  the  indication  is  that  the  resistance 
of  the  circuit  is  low. 

A  magneto-bell  should  not  be  used  for  an  insulation  test 
between  the  frame  and  armature  of  a  large  machine,  between 
coil  and  core  of  a  large  transformer,  between  the  sheath  and 
the  conductors  of  a  long  cable,  or  on  any  other  circuit  of 
considerable  electrostatic  capacity.    Such  a  circuit  may  act 

as  a  condenser,  re- 
ceiving current 
enough  to  cause  the 
bell  to  ring,  and  thus 
indicate  a  complete 
conducting  circuit  be- 
tween the  terminals 
of  the  magneto,  even 
though  the  insulation 
is  practically  perfect. 

109.      A    test- 
lamp  outfit  consists 
simply  of  a  long  ex- 
tension  cord    termi- 
nating at  one  end  in 
an  attachment  plug 
or  other  device  for  connecting  the  outfit  to  a  source  of  current 
supply  and  at  the  other  end  to  an  incandescent-lamp  socket  or 
a  series  of  sockets.     One  of  the  conductors  of  the  extension  cord 
is  cut  and  the  ends  thus  made  are  bared  for  making  electric 
connection  to  the  circuit  to  be  tested.     Enough  incandescent 
lamps  must  be  connected  in  series  to  bum  properly  when  sup- 
plied with  the  test  voltage  available. 

In  using  the  outfit,  the  test  circuit  is  connected  to  the  source 
of  current  supply  and  the  two  free  ends  of  the  test  leads  are 
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applied  to  the  circuit  to  be  tested.  The  lighting  of  the  lamp 
indicates  that  the  circuit  is  complete.  If  alternating  current 
is  supplied  to  the  test  circuit,  the  same  limitations  apply  to  the 
use  of  the  lamp  outfit  as  to  the  use  of  the  magneto-bell. 

110.  Testing  With  Telephone  Receiver. — ^A  telephone 
receiver  connected  in  series  with  one  or  two  primary  cells,  dry 
cells,  if  in  good  condition,  are  preferable,  serves  as  a  convenient 
testing  outfit.  The  terminals  of  the  series  combination  are 
applied  to  the  circuit  to  be  tested.  The  telephone  receiver 
is  held  to  the  ear  and  the  contact  of  one  of  the  test  terminals 
with  the  circuit  under  test  is  made  and  broken  repeatedly. 
If  the  circuit  under  test  is  complete,  each  make  or  break  of 
the  contact  wiU  cause  a  click  in  the  telephone  receiver;  if  the 
circuit  is  open,  no  click  will  be  heard.  The  device  is  subject 
to  the  same  limitations  as  the  magneto-bell. 

111.  Testing  With  Voltmeter. — ^A  voltmeter  connected 
in  series  with  the  circuit  to  be  tested  and  a  source  of  electro- 
motive force  can  be  used  for  qualitative  tests.  The  range  of 
the  voltmeter  should  be  at  least  great  enough  to  accommodate 
the  total  voltage  impressed  on  the  circuit.  When  properly 
connected,  a  deflection  of  the  voltmeter  needle  indicates  a 
complete  circuit;  no  deflection  shows  an  open  circuit;  a  rela- 
tively small  deflection  indicates  a  high-resistance  circuit.  A 
direct-current  voltmeter  can  be  used  in  a  wide  field  of  testing 
work. 

112.  Detector  Galvanometer. — ^A  detector  galvanom- 
eter is  an  inexpensive  portable  instrument  that  is  designed 
for  testing  the  condition  of  circuits.  The  instrument  is  con- 
nected in  series  with  a  battery,  and  the  terminals  of  the  series 
combination  are  applied  to  the  circuit  to  be  tested.  If  the 
needle  remains  at  rest  under  these  conditions,  either  no  circuit 
or  one  of  very  high  resistance  exists.  A  deflection  of  the  needle 
indicates  a  circuit,  the  amplitude  of  the  deflection  being, 
roughly,  inversely  proportional  to  the  resistance.  The  gal- 
vanometer is  not  subject  to  the  limitations  encountered  in  the 
use  of  the  magneto-bell,  the  telephone  receiver,  or  a  voltmeter 
on  alternating  current. 
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CONnNtTITY   TE8T 

113.  A  continuity  test  is  made  to  determine  whether  or 
not  there  is  a  break  in  a  conductor.  The  terminals  of  the  test 
circuit  are  applied  to  the  extremities  of  the  conductor  and  the 
indications  of  the  testing  device  are  observed.  In  some  cases, 
it  may  be  necessary,  in  order  to  reach  the  remote  end  of  a  con- 
ductor under  test,  to  use  as  part  of  the  test  circuit  another 
conductor  known  to  be  continuous. 

In  order  to  test  a  transmission  line  for  continuity,  the  line 
conductors  must  be  connected  together  at  the  distant  end. 
The  test  terminals  are  then  applied  to  the  station  end  of 
the  line.  If  the  transmission  line  is  long,  only  direct  cur- 
rent should  be  used  for  testing  for  continuity;  in  tests  on 
short  lines,  a  magneto-bell  is  convenient.  The  term  trans- 
mission line,  as  used  in  this  connection,  includes  underground 
cables. 

114.  If  the  line  tested  is  found  to  be  open-circuited,  the 
faulty  section  is  located  by  applying  the  continuity  test  to 
different  parts  of  the  circuit  tmtil  the  break  is  located.  For 
example,  assume  that  a  test  on  an  overhead  line  shows  it  to 
be  open-circuited.  The  tester  proceeds  along  the  line,  apply- 
ing the  test  terminals  at  intervals.  As  soon  as  the  tester 
has  passed  the  break,  the  testing  device  will  give  indications 
of  a  closed  circuit.  The  tester  then  knows  that  the  fault 
is  in  the  part  of  the  line  between  the  places  where  the  last 
two  tests  were  made  and  he  proceeds  to  locate  the  break  by 
inspection. 

Sometimes  the  procedure  is  varied  somewhat.  The  tester 
goes  first  to  a  point  about  midway  between  the  ends  of  the  line 
and  applies  the  test  terminals.  If  the  test  indicates  an  open 
circuit,  he  knows  that  the  fault  is  in  the  half  of  the  line  beyond; 
if  the  test  indicates  continuity,  the  break  is  in  the  other  half. 
The  tester  thus  at  once  eliminates  one-half  the  line  as  a  possible 
container  of  the  fault.  A  few  more  tests  on  the  faulty  half  of 
the  line  wiU  probably  locate  the  break  within  reasonable 
limits. 
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TEST   FOB   CBOSSES   AND    GBOUNDS 

116.  A  test  for  a  cross  or  grotind  is  made  to  determine 
whether  or  not  a  conducting  path  exists  between  two  objects, 
two  circuits,  or  two  parts  of  circuits  that  should  be  insulated 
from  each  other.  The  test  terminals  are  applied  to  the  two 
objects  or  circuits,  and  the  existence  of  the  fault  will  be  indi- 
cated by  the  action  of  the  testing  device.  K  the  test  lamp, 
when  used,  bums  very  dimly,  the  indication  is  that  the  cross 
or  groimd  is  of  small  current-carrying  capacity  and  moderately 
high  resistance. 

In  general,  a  test  for  a  leak  should  be  made  with  a  device, 
such  as  a  magneto,  voltmeter,  galvanometer,  or  telephone 
receiver,  requiring  only  a  small  current  to  give  an  indication. 
In  testing  for  a  short  circuit,  a  test  lamp  is  generally  more 
satisfactory.  

DIFFEBESNTIAL    TEST 

116.  It  is  sometimes  necessary  to  locate,  by  a  test  at  the 
station,  a  groimd  occurring  several  miles  away  on  a  series-arc- 
lamp  circuit.  For  this  purpose,  a  crude  form  of  Wheatstone 
bridge  is  used.  A  series  of  incandescent  lamps  is  connected 
across  the  terminals  of  the  arc-lamp  circuit,  as  shown,  roughly, 
in  Fig.  15.  Generally,  the  arc  lamps  require  about  50  volts 
each,  and  incandescent  lamps  rated  at  about  50  volts  are  there- 
fore preferable;  110-volt  lamps  can  be  used,  however,  if  50-volt 
lamps  are  not  available.  In  any  case,  the  number  of  incan- 
descent lamps  in  series  should  be  equal  to  the  number  of  arc 
lamps  in  circuit. 

The  electromotive  force  of  the  generator  is  consumed  in 
sending  currents  through  the  parallel  circuits  of  arc  lamps 
and  test  lamps.  From  the  positive  terminal  of  the  generator 
to  the  groimd  a.  Fig.  15,  on  the  arc  circuit,  there  is  a  drop  in 
potential  of  approximately  50  volts  per  lamp,  or,  in  this  case, 
6X50=300  volts.  If  the  movable  arm  b  of  the  testing  device 
is  moved  from  contact  c  toward  contact  d,  a  point  will  be 
reached  where  the  potential  drop  in  the  test-lamp  circuit  is 
the  same  as  that  between  the  positive  terminal  of  the  arc 
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circuit  and  the  ground.  There  will  then  be  no  current  through 
the  detector  galvanometer  e  and  its  needle  will  rest  at  the  zero 
position.  On  further  movement  of  the  arm  6,  the  galvanometer 
indication  will  be  reversed.  The  number  of  test  lamps  between 
the  positive  terminal  of  the  circuit  and  the  test  point  at  which 
the  deflection  of  the  galvanometer  needle  is  zero  is  equal  to  the 
number  of  arc  lamps  between  the  positive  terminal  of  the  cir- 
cuit and  the  groimd.    In  this  case,  the  number  is  six. 


Gtiuna  Pic.  16 

A  voltmeter  can  be  used  in  place  of  the  galvanometer,  but 
it  must  be  capable  of  indicating  at  least  half  the  total  voltage 
of  the  circuit,  and  the  test  must  then  begin  with  the  arm  h  on 
the  middle  contact  so  that  only  half  the  voltage  can  be  applied 
to  the  voltmeter.  A  double-throw  voltmeter  is  preferable;  if  a 
single-throw  instrument  is  used,  care  should  be  taken  not  to 
connect  it  so  as  to  cause  reversed  deflection. 


TESTS    FOR    DEFECTS    IN    DIRECT-CURRENT    ARMATURES 

117.  Faults  in  direct-current  armatures  are  conveniently 
located  by  what  is  known  as  the  bar-io-bar  test.  Suitable  con- 
tacts A  and  B,  Fig.  16,  are  clamped  to  opposite  sides  of  the 
commutator.     Current  from  the  mains,  or  bus-bars,  E  is  led 
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to  the  commutator  through  a  lamp  bank  LB,  A  movable 
contact  piece,  or  crab,  C  provided  with  two  spring  contacts  so 
spaced  as  to  rest  on  adjacent  bars,  is  connected  to  a  gal- 
vanometer or  a  low-reading  direct-current  voltmeter  G, 

For  the  sake  of  illustration,  it  is  assumed  that  in  coil  N  there 
is  a  short  circuit,  that  the  commutator  leads  of  coils  5,  K,  and  W 
have  been  mixed,  as  shown,  and  that  there  is  an  open  circuit 
in  coil  T.  The  test  is  car- 
ried out  as  follows: 

118.  Adjust  the 
lamp  bank  until  the  gal- 
vanometer gives  an  easily 
readable  deflection  when 
the  crab  C  is  in  contact 
with  bars  connected  with 
what  are  supposed  to  be 
good  coils.  This  serves 
as  a  standard  deflection, 
with  which  to  compare 
other  deflections;  all  but 
defective  coils  will  give 
this  standard  deflection. 

When  the  test  contacts 
rest  on  bars  S  and  4»  the 
deflection  will  be  much 
larger,  about  double, 
than  the  standard  de- 
flection, because  two 
coils,  instead  of  one,  are 
connected  between  these 
bars.  When  the  contacts  rest  on  bars  4  and  5,  the  deflection 
will  be  reversed,  because  the  leads  are  crossed,  but  will  not 
be  greater  in  amplitude  than  the  standard.  Between  bars  5 
and  6,  a  large  deflection  will  be  obtained,  for  the  same  reason 
that  a  large  deflection  is  obtained  between  b^rs  S  and  4- 
Between  bars  6  and  7  little  or  no  deflection  will  be  obtained, 
owing  to  the  short  circuit  in  coil  A'^. 


Fig.  16 
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As  the  contact  piece  is  moved  around  on  the  lower  side  of 
the  commutator,  no  deflection  will  be  obtained  until  bars  16 
and  16  are  bridged.  There  will  then  be  a  violent  throw  of 
the  galvanometer  needle,  carrying  it  beyond  the  scale.  When 
the  contact  piece  is  moved  on  to  bars  16  and  17,  there  will 
again  be  no  deflection,  thus  locating  the  break  in  coil  T.  In 
order  that  the  other  coils  connected  to  the  bars  in  the  lower 
half  of  the  commutator  can  be  tested,  bars  IB  and  16  must  be 
connected  together  by  a  piece  of  wire. 

If  any  of  the  coils  has  poor  connections  with  the  commuta- 
tor bars,  the  effect  will  be  the  same  as  though  the  coil  had  a 
higher  resistance  than  normal,  and  the  galvanometer  deflec- 
tion will  therefore  be  greater  than  the  standard  deflection. 


QUANTITATIVE  TESTS 


MEASUREMENT   OF   INSULATION    RESISTANCE 

119.    The  instdation  resistance  of  a  circuit  may  be  con- 
veniently measured  by  means  of  a  direct-current  voltmeter. 


Source  cf  Vo/fa^ 


fivnt^K 


Fig.  17 


The  instrument  should  have  a  known  resistance  of  90  to 
200  ohms  per  volt  of  maximum  scale  reading,  and  the  marks 
on  the  scale  should  be  luiiformly  spaced.    As  an  example  of 
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the  method  of  making  the  test,  the  measurement  of  the  insula- 
tion resistance  of  a  single-phase  alternator  is  given;  the  method 
of  applying  the  test  to  a  transmission-line  circuit  is  described 
in  another  Section. 

'  The  voltmeter  a,  Fig.  17,  is  connected  to  a  double-pole 
double-throw  switch  b  in  such  a  manner  that  when  the  switch 
is  in  one  position,  upper  position  in  this  case,  the  instrument 
is  connected  directly  across  the  source  of  voltage.  With  the 
switch  in  the  other  position,  the  voltmeter  and  the  insulation 
of  the  machine  are  in  series  across  the  source  of  voltage.  One 
of  the  test  leads  is  connected  to  the  frame  of  the  machine;  the 
other,  to  the  windings. 

If  r= resistance  of  voltmeter; 

^= reading  obtained  with  voltmeter  across  source; 
^1= reading  with  voltmeter  in  series  with  insulation; 
/?= insulation  resistance. 

Then,  /?=!li^Zii)  (1) 

ei 

The  result  will  be  expressed  in  ohms  or  megohms  according 
as  r  is  expressed  in  ohms  or  megohms.  Some  voltmeters  for 
use  in  insulation  tests  are  specially  made  with  a  resistance  of 
1  megohm.    The  preceding  formula  then  becomes 

/?=lZ£l  (2) 

ei 
and  the  result  is  in  megohms. 


HURBAT    LOOP   TEST 

120.  The  Murray  loop  test  uses  a  Wheatstone  bridge 
arrangement  for  locating  a  ground  on  one  conductor  of  a  line, 
the  other  conductor  of  which  is  continuous  and  ungroimded. 
The  connections  for  the  test  are  shown  in  Fig.  18,  in  which  a  b 
is  a  slide  wire,  c  sl  galvanometer,  d  a  battery,  and  e  sl  flexible- 
cord  connection  between  slide-wire  terminals  and  line.  The 
line  wires  are  connected  together  at  the  distant  end. 

The  manipulation  consists  in  moving  the  contact  maker  / 
along  the  slide  wire  from  point  to  point,  care  being  taken  not 
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to  scrape  the  wire,  tintil  a  point  is  found  where  a  connection 
can  be  made  without  causing  a  deflection  of  the  galvanometer 
needle.  If  the  contact  maker  is  moved  very  slightly  to  one 
side  of  this  point,  the  galvanometer  needle  should  deflect  in 
one  direction;  if  moved  to  the  other  side,  the  deflection  should 
be  reversed;  thus  the  condition  of  a  true  balance  of  the  bridge 
is  verified. 

121.     In  order  to  calculate  the  distance  x  to  the  ground,  the 

length  of  the  line  must  be  known.    The  total  length  of  line 

conductor  in  the  loop  is  twice  the  length  of  the  line,  provided, 

of  course,  that  the  line  conductors  are  of  equal  length,  as  they 

are  in  most  parallel  systems  of  distribution. 

Let  /  =  total  length  of  line  conductor; 

a; = distance  to  ground,  Fig.  18; 

m  =  distance  6  /  at  balance ; 

n=length  of  slide  wire  a  b\ 

m 
0=—. 
n 

Then,  x=zl 

The  value  of  z  is  the  ratio  between  the  length  of  the  shorter 
arm  of  the  slide  wire,  at  balance,  to  the  total  length  of  the  slide 


ftvJ; 


3 


on0  Coff^ucfor 


Crouna 


Pig.  18 


wire.  Generally,  the  slide-wire  scale  has  a  total  of  100  or 
1,000  divisions,  and  the  value  of  z  can  be  written  as  a  decimal 
fraction  as  soon  as  the  balance  |X)int  has  been  foimd.  For  exam- 
ple, if  the  total  niunber  of  scale  divisions  in  Fig.  18  is  1,000 
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and  a  balance  is  obtained  with  point  J=2!7b  divisions  from 

375 

point  by  then  z  = =  .375.    As  used  here,  the  term  number 

^1000 

oj  scale  divisions  may  include  the  equivalent,  in  divisions,  of  a 
fixed  resistance. 

After  one  balance  is  obtained,  the  battery  terminals  and 
the  slide-wire  connections  should  be  reversed  and  the  obser- 
vations repeated.  If  the  two  sets  of  observations  give  unlike 
values  of  z,  their  average  should  be  used  in  the  calculations.  ^ 

122.  When  appljdng  the  Murray  loop  test,  the  following 
considerations  must  be  kept  in  mind:  Connections  should  be 
carefully  made,  so  that  contact  resistance  will  be  inappreciable. 
If  the  line  conductors  are  of  different  sizes,  it  is  necessary  to 
calculate  the  various  lengths  in  equivalents  of  one  chosen  size 
of  wire.  The  flexible  leads  e,  Fig.  18,  are  generally  so  long  that 
their  lengths  also  must  be  reduced  to  an  equivalent  length  of 
line  conductor  and  included  in  the  value  of  /  in  the  formula 
of  the  preceding  article. 

Example. — ^An  underground  line  contains  20,000  feet,  one  way,  of 
211,600-circular-mil,  twin-conductor  cable  and  25,000  feet  of  250,000- 
circular-mil  cable.  The  211,600-circular-mil  cable  is  at  the  station  end 
of  the  line.  The  two  flexible  connections  e,  Fig.  18,  are  each  10  feet  long 
and  equivalent  in  cross-section  to  No.  14,  B.  &  S.  gauge,  wire.  The  slide 
wire  is  100  units  in  length,  and  when  the  balance  is  obtained,  the  contact 
maker  is  at  a  point  27.4  units  from  the  zero  end  of  the  wire.  How  far 
from  the  station  is  the  ground? 

Solution. — For  convenience,  all  conductors  in  the  line  circuit  are 

reduced  to  equivalent  lengths  of  250,000-cir.-mil  cable.     The  equivalent 

20  000  X  250  000 

length  of  20,000  ft.  of  211,600-cir.-mil  cable  is  — ^  ' =23,629  ft. 

zll,oUU 

10X250  000 
The  equivalent  length  of  10  ft.  of  No.  14  wire,  4,106  cir.  mils,  is r'T^ 

=608  ft.     The  length  of  the  line  expressed  in  terms  of  250,00O<:ir.-mil 

cable  is  then  608-h23,629-f25,000  =  49,237  ft.     As  this  length  is  taken 

one  way,  the  total  equivalent  length  of  conductor  in  the  line  circuit  during 

27.4 
the  test  is  2X49,237  =  98,474  ft.     The  value  of  z  is  - —  =  .274.     The 

equivalent  distance  to  the  ground  is  therefore  .274  X  98,474  =  26,981  ft. 

The  equivalent  distance  must  be  reduced  to  actual  length  of  line.  The 
first  608  ft.  of  equivalent  length  is  in  the  flexible  connections,  leaving 


Digiti 


ized  by  Google 


G8 


OPERATION  OF 


§57 


26,981  -  608  -  26,373  ft.  of  equivalent  length  in  the  line.  Of  this  remainder, 
23,629  equivalent  feet  are  of  211,600-cir.-mil  cable.  The  ground  is  there- 
fore 26,373-23,629=2,744  ft.  beyond  the  end  of  the  211,600-cir.-mil  cable, 
or  20,000+2,744 »22,744  ft.  from  the  station.    Ans. 

123.  The  Murray  loop  method,  when  properly  applied, 
will  generally  give  good  results,  and  the  location  of  the  fault 
as  determined  by  the  calculations  will  be  within  a  short  dis- 
tance of  the  actual  location.  In  general,  the  larger  the  size 
of  the  line  conductors,  the  greater  will  be  the  liability  of  error 
and  the  greater  must  be  the  care  exercised  m  taking  the  obser- 
vations. The  chief  advantage  of  the  method  is  that  an  inex- 
pensive slide-wire  bridge  can  be  used  and  accurate  resistance 
units  are  unnecessary. 

VARLEY    LOOP   TEST 

124.  The  Varley  loop  is  another  application  of  the  prin- 
ciple of  the^Wheatstone  bridge.  It  is  more  complicated  than 
the  Murray  loop,  tut  is  capable  of  wider  application,  though 
with  somewhat  less  reliable  results. 

The  Varley  loop  method  is  especially  useful  in  locating  a 
groimd  when  ho  good  conductor  is  available  as  a  return.  The 
connections  for  the  unit-resistance  type  of  bridge  are  shown  in 
Fig.  19  and  those  for  the  slide-wire  type  in  Fig.  20.    The  flexible 


GrottfWt 


Pig.  19 

lead  to  the  line  conductor  is  shown  at  a.  In  each  test  in  which 
the  slide-wire  bridge  is  used,  the  resistance  6,  Fig.  20,  shotdd 
have  a  value  such  as  to  cause  a  balance  to  be  obtained  when  the 
contact  maker  is  somewhere  near  the  middle  of  the  bridge  wire. 
The  resistance  of  the  line  must  be  known  either  from  pre- 
vious meastu-ement  or  from  calculation.    If  the  cross-section 
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of  the  line  conductors  is  not  the  same  throughout,  the  length 
of  the  line  must  be  expressed  in  equivalents  of  one  size  of  con- 
ductor. The  resistance  of  the  flexible  lead  a  must  also  be  taken 
into  consideration,  as  in  the  Murray  loop  test. 

125.  With  the  bridge  connected  as  shown  in  Figs.  19  or  20, 
obtain  a  balance  and  calculate  the  resistance,  using  the  ordinary 
Wheatstone-bridge  formula;  call  the  result  n  ohms.  Ground 
the  distant  end  of  the  line  and  take  a  second  measurement; 

Z//>^  Conductor 


Ground 
fbu/t 


Fig.  20 

call  the  result  p  ohms.    Call  the  normal  resistance  of  the  line 
m  ohms.    Then  the  resistance  from  the  bridge  terminal  to  the 

fault  is  

r^p-  yiin-p)  {m-p) 

From  the  value  r  subtract  the  resistance  of  the  lead  6.  The 
remainder  is  the  resistance  of  the  line  conductor  from  the  sta- 
tion to  the  fault.  If  the  conductors  are  not  all  the  same  size, 
calculate  the  resistance  of  each  size  and  locate  the  groimd  as 
in  the  example  of  Art.  122.  The  result  thus  foimd  may  be 
imreliable,  and,  in  general,  should  serve  only  as  a  guide  to  the 
actual  location  of  the  fault. 

126.  If  the  fault  is  a  cross  to  another  conductor,  the 
Varley  loop  test  can  be  used  as  already  explained,  one  conduc- 
tor being  considered  as  imder  test  and  the  other  as  the  ground. 
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is  printed  at  the  top  of  evcrv  pa^e  of  the  Section  in  the  headline  opposite  the  page  number,  and  to 
distinguish  the  Section  number  from  the  page  ntmiber,  the  Section  number  is  preceded  by  a  section 


mark  ^1).     In  order  to  find  a  reference,  glance  along  the  inside  < 
Section  number  is  found,  then  along  the  page  numbers  of 


desired 

page  is  found.    Thus,  to  find  the  reference 

|17.  then  to  page  34  of  that  Section. 


'Acceleration.  |17,  p34, 
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(22.  pl8 
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Ammeter  connections,  (55,  pl9 
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Armature  defects,  (57,  p42 
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Catenary  construction.  Insulation  of  wires  of, 
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construction.  Single-,  §18,  p81 
construction,  Sixe  of  wires  of,  §18.  i>46 
construction.  Tension  of  wires  of,  f  18.  p45 
hangers.  Length  of.  §18,  pM 
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Coefficient  of  adheskm.  f  17.  p36 
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Compensation  windings  for  aHemattng-current 
railway  motors.  f21,  pl3 
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motors,  |66.  p8 
track  curve,  f  19,  p38 

Compressed  stud  terminal  bond,  f  19,  p28 
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•current  railway  motors,  $21,  p4 

•current  railway  systems,  f  17,  p2 

•current  substations,  {56,  pp2,  4 

-current  switchboctfds.  (63,  p40 
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$52,  p4 

machines.  Tests  of  direct-current,  $52.  p4 

troubles  of  motor,  $67,  p48 
Electrolysis,  $20,  p40 

Cause  of,  $20,  p41 

Prevention  of,  $20,  p41 

Principles  of.  $20,  p40 
Electrolytic  lightning  arrester,  $53.  p39 

lightning  arrester.  Aluminum.  $22,  pl8 
Elevation  of  rail  on  curves,  $10,  p38 
Enck>sed  fuse,  $22,  pl3;  $53,  p8 
Energy    calculations    for    railway    sjrstems, 
$17,  p27 

costs  for  railway  systems,  $17.  p57 

distribution  systems  for  alternating-current 
operatkm,  $17,  p23 
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Energy  distribution  systems  for  direct-current 
operation,  f  17,  pd 

for  railway  systems.  Independent,  f  17,  p22 

tests.  Methods  of  making,  §17,  p51 

tests  on  city  roads,  §17,  p40 

tests  on  electric  cars,  §17,  p47 

tests  on  interurban  roads,  §17,  l>47 
Bqualixer  connection,  §56,  p32 

set.  §54,  pl8 
Equalizing  connections,  §54,  p6 
Erection  of  electrical  machinery,  §57,  p38 

of  trolley  wire.  §18,  pl8 
Excitation  from  main  generators,  §55,  p28 

from  separate  unit,  §55,  p24 
Exciter  generators,  §54,  p38 

system,  §54,  p51 
Expansion  rail  joint,  §10,  p25 
Expulsion  fuse,  §22.  pU 


Failure  of  generator  to  operate.  §57,  p50 

of  motor  to  operate,  §57,  p47 
Fare  box  and  register  for  electric  car.  Com- 
bined. §22,  p43 
Fastening  rails  and  steel  ties,  §10,  i>8 
Faults  in  electrical  circuits.  Tests  for,  §57,  p57 
Feeder  and  track-return  tests.  §20,  p32 

automatic  sectionalising  switch,  §18,  p8 

cables.  Leading  out,  §54.  pl2 

connections.  Railway,  §54,  plO 

formulas,  §20,  p3 

insulators,  §18,  pl2 

layouts.  Typical,  §18,  p7 

problems,  §20,  pll 

section  switches,  §18.  p8 

Up    for    catenary    bracket    construction, 
§18,p35 

tap  switch,  §18,  p8 
Feeders.  §17,  p2 

Booster,  §54.  pl2 

Calculations  for  aluminum.  §20.  p4 

Calculations  for  copper.  §20,  p3 

Conditions  affecting  the  size  of,  §20,  pi 

of  large  stations.  §54.  p26 

of  medium-size  stations,  §54,  p24 

of  small  direct-current  plants.  §54.  p22 

Railway.  §18.  p6 

Splicing.  §18.  plO 

Tapping  in,  §18.  p28 
Field-break-up  switch.  §55.  p31 

circuits  of  direct-current  generators,  §56,  p20 

excitation  of  synchronous  motors.  §56.  pl2 

-rheostat  control.  Methods  of.  §53,  pl7 

rheostat.  Motor-operated.  §53,  pl8 

rheostat.  Potentiometer  type  of.  §53.  pl6 

rheostat.  Series-resistance  type  of,  §53.  pl5 

rheostat.  Shunt-resistance  type  of,  §53,  pl6 


Field  rheostats.  §58,  pl6 

Weak,  §57,  p44 
Fish-plates.  §10,  pl9 
Floating  of  storage  battery.  §57.  p29 

regulation.  Checking  of.  §57.  p31 

voltages  for  storage  battery,  §57,  p30 
Formulas.  Feeder.  §20.  p3 

Power.  §17,  p43 

Rail-resistance,  §20,  pO 

Tractive-effort,  §17,  p31 
Foundation  for  roadbed,  §19,  pi 
Foundations  for  electrical  machinery.  §57.  p38 
Frequency-changer  sets.  Control  of  kilowatt 
k>ad  of,  §57,  pl6 

•changer  sets.  Control  of  power  factor  and 
current  load  of,  §57,  pl5 

-changer  substation,  §55.  pp2, 54 

changers  by  special  ssmchrosoopes.  Parallel- 
ing, §57,  p8 

changers  by  voltmeter  and  chart.  Paralleling. 
§57.pl2 

changers.  Conditions  for  parallel  operation 
of,  §57,  pl5 

changers,  Induction-motor-driven.  §55.  p54 

changers.   Synchronous-motor-driven, 
§55.p54 
Frogs,  §18.  p26 

Locating  of,  §18,  p26 
Fuse  box.  Magnetic  blow-out,  §22.  pl3 

Cartridge  type,  §53.  p8 

Enclosed.  §22,  pl3 

Expulsion,  §22,  pl4 
Fuses,  §22,  pl3;  §53,  p7 

Enclosed,  §53,  p8 

High-tension,  §53,  p33 

Open,  §53,  p7 

O 

Galvanometer,  Testing  with  detector,  §57,  p59 
Gasoline-electric  car,  Speed  control  for.  §23,  p35 

-electric  cars.  §17,  p23 
Gauges  for  track  and  wheel,  §10,  pl6 
Gauging  track.  §10.  p40 
Gauntlet  track,  §10,  p36 
Gear  ratio,  §21.  p2 

reduction,  §21,  p2 
Generating  stations.  Direct-current,  §54.  p4 
Generator,  Causes  of  low  voltage  of,  §57.  p46 

connections,  §54,  p4 

panel,  §54,  p5 

test,  §52.  p8 

to  operate.  Failure  of,  §57,  p50 
Generators.  Care  of.  §66,  p30 

Excitation  from  main,  §55.  p23 

Exciter.  §54.  p38 

Inspection  of.  §56.  p30 

Motor-driven.  §66.  p7 

Operation  of  alternating-current,  §56.  p31 
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Generators,      Oi>eration     of     direct-current, 
156.  plO 

Self-ezcited,  |66,  p26 

Separately  ezdted,  f56,  p20 

Series  booster.  |57.  p36 
Girder  rail.  §10.  ppl3, 14 
Gongs.  Air,  f22,  p45 
Grade  calculations,  §20.  p38 
Grades  and  train  resistance.  Total  kilowatt 
input  for,  f  17,  p44 

Effect  of  railway,  f  17.  p33 

Limiting  railway,  |17,  p37 
Grinding  room,  §22,  p62 
Groove  of  rail,  f  10,  pl3 

raU,  §10,  ppl3.  14 
Ground   connection    for    lightning    arrester, 
|53.p22 

-return  ssrstem.  §17,  p3 
Grotmds  and  crosses.  Tests  for,  §57,  pdl 
Grounding  belt-driven  machinery,  §55.  p8 
Guard-rails,  §10.  pl7 

wires,  §18.  p22 

H 

Hammered  stud  terminal  bond.  §10.  p20 
Hand    control.    Series-parallel    multiple-unit, 

§23,pl2 
Hanger  ears,  §18,  p24 
Hangers  for  railway  line,  f  18.  p28 
Headlights.  §22,  p22 

Arc.  §22.  p24 

Incandescent.  §22.  p28 
Head  of  rail.  §10.  pl3 
Heat  regulation  for  cars,  §22.  p32 
Heater  circuits,  §22,  p30 
Heaters.  Electric.  §22,  p27 
Heating  cars  by  hot  air,  §22,  p32 

Electric  car,  §22.  p27 

of  machines.  Causes  of  excessive.  §57.  p44 
High-tension  bus  system,  §55,  p6 

-tension  construction,  §55.  p27 

-tension  fuses.  §53.  p33 

•voltage  bus-bars.  §17.  pO 
Horn-gap  lightning  arrester.  §53.  p21 
Hysteresis  loss,  §52,  p3 


Inacctirate  sjmchroniring.  Effects  of.  §56.  p36 
Incandescent  headlights.  §22,  p23 
Induction-motor-driven    frequency    changers, 
§55,p54 

•motor-driven  frequency  changers.  Operation 
of,  §57,  p4 

•motor-driven  sets.  Starting,  §57,  pi 

motor.  Slip  of  an,  §56,  pl5 

-motor  test.  §52,  p37 

-motor  troubles,  §57,  p52 
Injtmes,  Dangers  of,  §57,  p54 


Inspection  of  generators,  §56.  p30 

of  railway  motors.  Overhauling.  §21,  p24 

of  railway  motors.  Quick,  §21,  p22 

Routine,  §57,  p40 
Installation  of  boosters.  §17,  plO 

of  catenary  construction.  Hints  on,  §18.  p44 

of  electric-car  wires,  §22,  p40 

of  electrical  machinery.  §57.  p37 

of  metal  poles.  §18.  p6 

of  railway  motors,  §21,  p20 

of  wooden  poles.  §18.  p2 
Installing  the  wires  of  catenary  constructioo 

§18.p47 
Instantaneous  relays,  §53,  p31 
Instrument  and  relay  connections.  §55.  p34 

equipment  for  motor*generator  substations, 
with  induction  motors,  §55,  pl7 

equipment  of  railway  station,  §54,  i>8 
Insulation  resistance.  Measurement  of.  §57.  p64 
Insulators.  Feeder.  §18.  pl2 

Section.  §18.  p27 

Span-wire.  §18.  p22 

Third-rail,  §18.  p50 
Integrating  wattmeters,  §54,  p8 
Inverse  time-limit  relays,  §53,  p31 
1*R  armature  toss,  §52.  p2 

loss  in  shunt  field.  §52.  p2 

k)ss  in  the  brushes.  §52.  p3 

series-field  loss,  §52,  p2 


Joint.  Mclntyre,  §18,  pll 

plates,  §10,  plO 
Joints  in  busses.  §53,  p42 

of  the  compression  type.  Aluminum,  §18,  pl2 

Rail,  §10.  pl8 

Welded.  §10,  p21 

K 

Knife-blade  switches,  §53.  pp3.  23 


Lamp  outfit.  Testing  with.  §57,  p58 
Lcuge  alternating-current  stations.  §54.  p50 

alternating-current  stations.  Switches,  busses, 
and  distributing  circuits  of,  §54.  p52 

direct-current  central  stations,  §54,  p26 

stations,  Bxisses  and  feeders  of.  §54.  p26 
Layouts  for  feeders.  §18,  p7 
Leakage  of  current  from  third  rail,  §18.  p56 
Length  of  air  break  for  switches.  §53,  p5 

of  railway  track.  §17,  p28 
Light    and    power    stationa,    Direct-current. 

§54.  pl4 
Lighting-circuit  diagram  for  cars.  §22.  plO 

Electric-car.  §22.  plO 
Lightning  arrester.  Aluminum-cell,  §53.  p38 

arrester,  Aluminum  electrolytic,  §22.  pl8 
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Carborundum-block, 


Lightning       airester. 
§22.  pl6 

arrester.  Electrolytic,  (53.  p39 

arrester,  Ground  connections  for.  fd3,  p22 

arrester,  Horn-gap,  |53,  p21 

arrester.  Magnetic  blow-out,  $22,  pl7 

arrester,  Multigap,  (63,  p35 

arrester.  Opening  the  ground  circuit  of  a. 
f22,  pl7 

arresters,  f22.  pl6 

arresters    for    alternating-current    circuits. 
fi^,p36 

arresters  for  direct-current  circuit,  |53,  p20 

arresters  for  railway  line,  (18,  p30 

arresters,  Theory  of,  (63.  p20 

protection,  (55,  p37 
Limit  of  adhesion  in  railway  work.  (17,  p36 
Limiting  railway  grades,  (17,  p37 
Line  breakers,  (18.  p27 

calculations.  Railway.  (20.  pi 

construction,  Electric-railway,  (18,  pi 

poles.  (18.  pi 

tests.  Railway,  (20,  p26 
Lining  track,  (19,  p40 
Lip  of  rail,  (19,  pl3 
Load.  Adjustment  for  proper  division  of,  (54,  p6 

Adjustment  of,  (56,  p20 

center  of  railway  system.  (17.  p54 

Distribution  of,  (56.  p37 

regulation,  (56.  p21 
Loading-batk  test,  (52,  pl9 
Location  of  electrical  machinery,  (57.  p37 

of  power  house,  (17.  p54 

of  railway  motors  on  cars,  (21,  p21 

of  third  rail.  (18,  p49 
Loop  test.  Murray.  (57.  p65 

test.  Varley,  (57,  p68 
Lorain  welded  rail  joint,  (19.  p21 
Loss.  Armature  1*R,  (52.  p2 

Bearing-friction.  (52.  p2 

Eddy-current,  (52.  p3 

Hysteresis,  (52.  p3 

in  the  brushes,  I*R,  (52,  p3 

Series-field  l'*R,  (52,  p2 

Shunt-field /«/e,  (52,  p2 

Windage.  (52,  p2 
Losses  in  electrical  machinery.  (52,  p2 
Low-voltage  drop  for  railway  system.  Impor- 
tance of,  (20,  p25 

voltage  of  generator.  Causes  of.  (57.  p46 
Lubrication  for  railway  motors,  (21,  p31 

of  bearings  of  railway  motor,  (21,  pll 


Machine  shop,  (22.  p58 
Ma^n^etic  blow-out  fuse  box,  §22,  pl3 
blow-out  lightning  arrester,  (22.  pl7 


Magneto-bell.  Testing  with.  (57.  p57 
Maintenance  of  electrical  machinery,  (57,  p37 

of  railway  motors,  (21,  p22 

of  track,  (19,  p39 
Manually  operated  oil  switch,  (53,  p26 
Master  controller,  (23,  pl2 
Mclntyre  joint,  (18,  pll 
Measurement  of  insulation  resistance,  (57.  p64 
Measurements    of    resistances    of    electrical 

machinery,  (52,  p4 
Mechanical  troubles  of  motor,  (57,  p47 
Medium-size       alternating-current       station, 
(54,p45 

•size  alternating-current  station.  Busses  and 
distributing  circuits  of.  (54,  p49 

•size  direct-current  lighting  and  power  sta- 
tions, (54.  p23 

-size    stations,  Busses  and    feeders    of, 
(54.  p24 
Messenger  and  trolley-wire  tension.  Data  on, 

(18,p45 
Metal  poles,  (18.  p3 

poles.  Construction  of,  (18,  p3 

poles.  Data  on.  (18,  p3 

poles,  Installation  of,  (18.  p5 
Mill  and  carpenter  shop.  (22,  p60 
Moisture,  Removal  of,  (57,  p39 
Motor  controller,  (231  pl2 

-driven  generators,  (55.  p7 

Electrical  troubles  of,  (57.  p48 

-generator  substatkms  with  induction  motors, 
(55.  pl5 

-generator    substations    wit^    synchronous 
motors,  (55,  p23 

•generators    and    simchronous    converters. 
Choice  between,  (55,  pl3 

•generators    and    synchronous    converters. 
Operation  of.  (57.  pi 

•generators  for  current  conversion,  (57,  pi 

Mechanical  troubles  of,  (57,  p47 

-operated  rheostat,  (53.  pl7 

•operated  oil-switch  mechanism,  (53,  p27* 

suspension,  (21,  p20 

test.  Direct-current.  (52.  pl7 

to  operate.  Failure  of,  (57.  p47 
Motors,  Alternating-current,  (56,  plO 

Compotmd.  (56.  p8 

Operation  of  direct-current,  (56,  p4 

Operation  of  electric,  (56,  p4 

Railway.  (21,  pi 

Reversing,  (66.  p8 

Running.  (56.  p6 

Series.  (56,  plO 

Stopping,  (56,  p7 

used  as  brakes.  (23.  plO 
Mounting  knife-blade  switches,  (53,  p7 
Multigap  lightning  arrester,  (53,  p35 
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Multiple-unit  automatic  control,  Series-paralleU 
t23.p20 
-unit  hand  control.  Series-parallel,  (23,  pl2 
Murray  loop  test,  (57,  p65 

N 
Neck  of  rail,  (19,  pl3 
.  Neutral,  Methods  of  deriving.  |55,  p43 
with  balancer  set.  Derived,  (54,  pl8 
with  three-wire  generator.  Derived,  (54,  p20 
Noisy  opersLikm  of  machines,  (57,  p45 
Nose  suspension,  (21,  p20 


Oil-and-water-cooled  transformers,  (55,  pl2 
•cooled  transformers,  (55,  plO 
switch.  Automatic  operation  of.  (53,  p30 
switch.  Control  switch  for  an,  (53.  p26 
switch.  Manually  operated,  (53,  p26 
-switch  mechanism.  Motor-operated,  (53,  p27 
-switch    mechanism,    Solenoid-operated, 

(53,p29 
switch.  Pneumatic  operation  of,  (53,  p30 
switches.  (53,  p24;  (55,  p7 

Open-conduit  system,  (17,  p5 
fuses,  (53.  p7 

Operating-bus  supply,  (55,  p35 

requirements  of  railway  motors,  (21,  pi 
temperatures  for  insulation,  (56,  p2 
temperatures  of  bare  copper,  (56,  p3 
temperatures  of  knife-blade  switches,  (56,  p2 
temperatures  of  magnetic  cores,  (56,  p2 
temperatures  of  the  bearings,  (56,  p3 
temperatures  of  transformer  oil,  (56,  p4 
temperatures.  Safe,  (56,  pi 
troubles  of  alternators,  (56,  p43 

Operation   of   alternating-current   generators, 
(56.  p31 
of      alternating-current      railway      motor, 

(21.  pl4 
of  alternators,  Parallel.  (54,  p28 
of  compound  generators,  (56,  p22 
of  compound  motors.  (56,  p8 
of  direct-current  generators,  (56,  pl6 
of  direct-current  motors,  (56,  p4 
of  electrical  machinery,  (56,  pi 
of  electric  motors.  (56.  p4 
of  induction-motor-driven  frequency  chang- 
ers. (57,  p4 
of  machines.  Noisy,  (57,  p45 
of  miscellaneous  station  equipment,  (57.  p29 
of  motor-generators  and  synchronous  con- 
verters, (57,  pi 
of  potential  regulators  on  distributing  cir- 
cuits, (57,  p36 
of  series  generators,  (56,  p24 
of  single  alternator,  (56,  p32 


Operation  of  storage  battery,  (57,  p20 
of  synchronous  converters,  (57,  pl8 
of  synchronous  converters.  Parallel.  (57.  p25 
of  synchKMious  converters,  Single,  (57.  p24 
of    synchronous    frequency    changers    on 

standard  service,  (57,  p6 
erf  synchronous-motor-driven  sets,  (57,  pi 
of  transformers,  (57,  p36 

Outdoor  substations,  (55,  p50 

Output  curves.  Tractive  effort  and  horsepower-, 
(17,  p46 

Overhead    systems   of   railway    construction. 
(18,  pi 

Overload,  Effect  of  excessive.  (56,  p22 
relay,  (23,  pl6 
-relay  connections,  (55,  pl9 
relay.  Example  of,  (53,  p31 
Symptoms  of.  (57.  p41 
trip,  (23,  p23 

P 

Paint  shop.  (22,  p61 
Panel.  G^ierator,  (54,  p5 
Panels.  Arrangement  o£  switchboard.  (54,  pl3 
Parallel  operation  o£  alternators,    (54,   p28; 
(56,p33 

operation  of  simchronous  ccmverters.  (57,  p25 
Paralleling  compound  generators,  (56,  p22 

Correct  voltage  for,  (56,  pl9 

frequency  changers  by  special  synchroscopes, 
(57,  p8 

frequency  changers  by  voltmeter  and  chart, 
(57,  pl2 
Passenger  factor,  (17.  p28 
Performance  curve,  (21,  pl7 
Physical  injury.  Dangers  of,  (57,  p54 
Pit  room,  (22.  p57 
Plain  curve.  (19,  p32 

Y  curve,  (19,  p32 
Plow  for  slot  system,  (17,  p6 
Pneumatic  operation  of  oil  switch.  (53,  p30 
Polarity,  Correction  of  reversed,  (56,  pl8 

Tests  for,  (56,  pl7 

tests  of  compoxmd  motors,  (56,  p8 
Poles,  Concrete,  (18.  p5 

Line.  (18.  pi 

Metal.  (18.  p3 

Repairs  and  renewals  of.  (18,  p6 

Wooden,  (18.  pi 
Portoble  substation.  (17.  p21 

substations.  (55,  p38 
Position    of    brushes    in    running-light    test, 

(52,  plO 
Potential  regulators  on   distributing  circuits. 
Operation  of,  (57,  p36 

transformers.  (55.  pl7 
Power  factor  of  synchronous  converter.  Regu- 
lation of.  (57.  p28 
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Pofwer  formulas.  fil7,  p43 

house,  Location  of,  {17,  p54 
Preparations  for  generator  test,  {52,  p8 

for  loading-back  test,  {52,  pl9 
Preservation  of  wooden  ties,  {19,  p6 
Pressure  wiring,  {53,  p40 
Protected  bonds,  {10,  p28 
Protection  for  third-rail  systems,  {18,  p51 

from  overload,  {54,  p46 

Lightning,  {55,  p37 

Reverse-current,  {55,  p37 
Protective  devices.  {54,  p46;  {55,  p41 
Preventive-reactance  coils,  {23,  p29 


Quantitative  tests,  {57,  p64 
Quick-break  switches,  {53,  p6 


Rail  and  tie  accessories,  {10,  pO 

bonds.  {19.  p2d 

breaks,  {19,  p41 

calculations,  {20.  p33 

chairs.  {19.  plO 

elevation.  Data  on,  {19,  p39 

elevation  on  curves,  {19,  p38 

Girder,  {19.  ppl3. 14 

Groove.  {19,  ppl3,  14 

joint,  Arc  welded,  {19,  p23 

joint.  Cast  welded.  {19.  p24 

joint.  Expansion,  {19,  p25 

joint,  Lorain  welded,  {19,  p21 

joint.  Thermit,  {19,  p24 

joint.  Zinc,  {19,  p25 

joints.  {19.  pl8 

joints.  Continuous,  {19,  p20 

joints.  Disposition  of,  {19,  p25 

joints.  Standard  ohannel-plate.  {19,  pl9 

joints.  Welded,  {19,  p21 

-resistance  formulas,  {20,  p9 

sections.  {19,  pl3 

to  a  given  radius.  Bending,  {20,  p36 

weight.  {19.  pl3 

weight  to  sectional  area.  Relation  of,  {20,  p33 
Rails  and  bonds.  Data  on,  {20,  pp5,  6.  7.  8 

Composition  of,  {19,  pl2 

Curvature  tests  of.  {20.  p38 

Data  on  composition  of.  |19.  pl2 

Data  on  standard  T.  {19.  pl5 

Drop  test  for.  {19.  pl2 

Gutord-.  {19.  pl7 

per  mile.  Weight  of.  {20,  p34 

with  conical  tread,  {19,  pld 
Railway  calculations.  Electric-.  {20,  pi 

car.  Air  gongs  for.  {22.  p45 

car  bodies,  {22,  p46 


Railway  car  bucser  and  bell  circuits,  {22.  p36. 

car.  Combined  fare  box  and  register  for 
{22.P43 

car.  Combined  hot-air  and  ventilating  S3rs- 
tems  for,  {22,  p32 

car  devices.  Auxiliary,  {22,  p34 

car.  Door-operating  circuits  for,  {22.  p37 

car.  Door-signal  lamps  for.  {22.  p38 

car.  Heat  regulation  for,  {22,  p32 

car  heating.  Electric,  {22,  p27 

car  lighting.  Electric-,  {22,  pl9 

car.  Register-ringing  device  for,  {22,  p39 

car.  Sand  boxes  for,  {22,  p44 

car  signs,  {22,  p39 

cars.  Energy  tests  on  electric,  {17,  p47 

cars.  Number  required,  {17,  p29 

cars.  Relation  of  maximum  and  average 
currents  for,  {17,  p53 

cars,  Sise  of,  {17.  p30 

cars.  Trunk  connections  for.  {22,  pi 

cars.  Weights  of,  {17,  p31 

construction.  Catenary,  {18,  p30 

construction.  Center-pole,  {18,  pl6 

construction.  Overhead  systems  of,  {18,  pi 

construction.  Side-bracket.  {18.  pl8 

construction.  Span-wire,  {18,  pl5 

construction,  T]rpical  curve,  {18.  pl9 

construction.  Typical  tangent.  {18,  pl8 

costs.  Date  on,  {17,  pp58, 50 

curve  calculations,  {20,  p34 

feeders,  {18,  pO 

grade.  Calculations  of,  {20,  p38 

grades.  Limiting,  {17,  p37 

line  calculations,  {20,  pi 

line  construction.  Electric-,  {18,  pi 

line  lightning  arresters,  {18,  p30 

line  tests,  {20,  p2d 

motor.  Armature  coils  for,  {21,  p9 

motor.  Armature  spider  for.  {21,  p8 

motor.  Brush  holders  for.  {21.  plO 

-motor  characteristics,  {21.  pl7 

motor,  Commutating-pole,  {21,  p7 

motor,  Commutating  pole  for,  {21.  p8 

motor.  Commutator  for.  {21.  p9 

motor.  Compensation  windings  for  alternat- 
ing-current. {21.  pl3 

motor.  Gears  for,  {21,  pll 

-motor  installation,  {21,  p20 

motor.  Lubrication  of  bearings  of.  {21.  pll 

motor.  Operation  of  alternating-current, 
{21,  pl4 

motor.  Pinions  for.  {21.  plO 

-motor  ratings.  {21.  p4 

-motor  rheostats,  {22,  pl5 

motors.  {21,  pi 

motors.  Alternating-current.  {21.  pl2 

motors.  Construction  of.  {21.  p7 
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Railway  motors,  Direct-current,  |21.  p4 
motors.  Lubrication  for,  $21,  p31 
motors,  Maintenance  of,  (21,  p22 
motors  on  cars.  Location  of,  $21,  p21 
motors,  Operating  requirements  of,  $21,  pi 
motors,  Overhauling  inspection  of,  $21,  p24 
motors.  Quick  inspection  of,  $21,  p22 
power  formulas,  $17,  p43 
power  house.  Location  of,  $17,  p54 
stations.  $M,  p4 
supply,  600-volt,  $17,  plO 
supply,  l,fiOO-volt,  $17,  plO 
supply.  2.400-volt,  $17,  p21 
system.  Alternating-current  generation  and 

direct-current  supply  for,  $17.  pl8 
system.  Center  of.  $17,  p54 
system.  Direct-current  generation  and  supply 

for,  $17,  p6 
system.  Energy  distribution  for  direct-cur- 
rent, $17,  p6 
system.  Single-phase  generation  and  supply 

for,  $17,  p23 
system.  Three-phase  generation  and  supply 

for,  $17,  p25 
systems.  Alternating-current,  $17,  p23 
systems.  Conduit,  $18.  p57 
systems.  Direct-current,  $17,  p2 
systems.  Electric,  $17.  pi 
systems.  Energy  costs  for,  $17.  p57 
systems.  Energy  distribution  for  alternating- 
current,  $17,  p23 
systems.  Independent  energy  for,  $17,  p22 
systems,  Third-rail,  $18,  p49 
track  construction,  $19,  pi 
track.  Length  of.  $17,  p28 
train.  Acceleration  of.  $17.  p34 
train.  Limit  of  adhesion  of,  $17.  p36 
train  resistance  curves,  $17,  p42 
train.  Total  tractive  effort  of,  $17.  p35 
train.  Tractive  effort  per  ton  of,  $17,  p35 
trains.    Acceleration    curves    for    electric, 

$17,p38 
trains.  Tractive  effort  for,  $17,  p40 
transmission  circuit.  Distribution  of  voltage 
in.  $20,  pll 
Railways.  Effect  of  curves  on,  $17.  p33 
Effect  of  grade  on,  $17,  p33 
Train  resistance  on,  $17,  p32 
Ratings  of  railway  motors,  $21,  p4 
Ratio.  Gear.  $21.  p2 

Register  and  fare  box  for  electric  car.  Com- 
bined. $22.  p43 
-ringing  device  for  railway  car.  $22.  p39 
Regulation  of  compound  generators,  Voltage, 
$56.  p23 
of  heat  for  cars,  $22,  p32 
of  load,  $66,  p21 


Regulation  of  power  factor  of  simchronous 
converter,  $57,  p28 

of  synchronous  converters.  Voltage,  $57,  p25 
Regulators,  Controller,  $22,  p34 

Tirrill,  $54,  p46 

with  alternators,  Tirrill,  $56.  p39 

with     direct-current     generators,      Tirrill. 
$56,p28 
Relay  and  instrument  connections,  $55,  p34 

Definite  time-limit,  $53,  p32 

OverkMul.  $23,  pl6 
Rela3ra,  Instantaneous,  $53,  p31 

Inverse  time-limit,  $53,  p31 

Reverse-current,  $53,  p32 
Release     on     circuit-breaker.     Low-voltage, 
$58,pl2 

on  circuit-breaker.  Reverse-current,  $53,  pl3 
Remote-control  circuit,  $54,  p47 

-control  switchboards,  $53.  p43 

-controlled  circuit-breaker,  $53,  pll 
Renewals  of  poles,  $18,  p6 
Kepsax  shop,  $22.  p58 
R^Nurs  of  poles.  $18.  p6 
Reset  switch.  $23,  pl6 
Resistance,  Conductor-rail,  $20,  plO 

measurement  of   electrical    machinery, 
$52,  p4 

measurexnent.  Temperature  corrections  for. 
$62,  p7 

•measurement  test,  $52,  p4 

of  track,  $20.  p5 

Track-rail,  $20,  p9 
Reverse-current  protection,  $55,  p37 

•current  relays,  $53,  p32 

-current  release  on  circuit-breaker.  $53,  pl3 

curve,  $19,  p32 

switch.  Action  of.  $23.  p9 
Reverser,  $23.  pl5 
Reversing  motors,  $56,  p8 
Rheostatic  controller,  $23.  p2 

control  of  car  speed,  $23,  p2 
Rheostat,  Motor-operated,  $53,  pl7 
Rheostots,  Field,  $53,  pl5 

Railway-motor,  $22,  pl5 

Starting,  $53,  pl4 
Roadbeds.  $19,  pi 

for  city  roads,  $19,  p3 

for  interurban  roads,  $19,  p3 

Typical,  $19,  p3 
Roller  bearings.  Wheel,  $22.  p52 
Routine  inspectkm,  $57,  p40 
Running-light  test.  Conduct  of  alternator  dur- 
ing, $52,  p29 

-light  test.  Connections  for,  $52,  p9 

-light  test  for  alternator,  $52,  p28 

-light  test  for  synchronous  motor,  $52,  p31 

-light  test  of  electrical  machinery.  $52.  p8 
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Ronning-ligfat  test.   Position   of  brushes   in. 
162,  plO 
motors*  (56,  p6 

8 

Sand  boxes,  $22,  p44 

boxes.  Air-operated.  (22,  p46 

boxes.  Lever-operated.  $22,  p44 
Scrapers.  Ttack,  $22.  p46 
SectionaHxtng     switch.     Feeder     automatic, 

$18.  p8 
Section  insulators,  $18,  p27 

of  rails.  $19.  pl3 

switches.  Feeder,  $18.  p8 
Self-excited  generators.  $56.  p26 
Sepcuately  excited  generators,  $56,  p26 
Series  booster  generators.  $57.  p35 

field.  />!{  loss  ip.  $52.  p2 

gefaerators.  Operation  of,  $56,  p24 

-motor  test,  $52.  p25 

motors,  $56.  plO 

operation  of  alternators.  $56.  p33 

-parallel  controller.  $23.  p4 

•parallel  cylinder  control  of  car  speed.  $23.  p3 

-pcuallel    multiple-unit   automatic    control, 
$23.p20 

-parallel  multiple-unit  hand  control.  $23.  pl2 

-parallel  operation.  Car-wiring  diagram  for. 
$23.  p6 
Setting  the  Tirrill  regulator,  $56,  p39 
Shoe  fuse.  $17,  p5 

shunt.  $17.  p4 

Third-rail.  $17.  p3 
Shops  in  car  house.  $22.  p56 
Short-circuited  core-loss  test.  $52.  p36 
Shunt-field  connections.  $54.  p7;  $55.  pp8.  31 

field.  I*R  loss  in.  $52.  p2 
Side-bracket  railway  construction.  $18,  pl8 
Siding.  $19.  p38 
Signs.  Railway  car.  $22.  p39 
Simple  track  curve.  $19.  p37 
Single-catenary  construction.  $18.  p31 

-phase  alternating-current  road.  Calculations 
for.  $20,  p22 

-phase  connections.  $54.  p40 

-phase  speed  control,  $23.  p28 
Six-phase  synchronous  converter.  Connection 

diagram  of.  $55.  p27 
Sleet  troubles  of  the  third-rail  system.  $18.  p54 
Slip  of  an  induction  motor.  $56.  pl5 
Slot  system.  $17,  p5 

system.  Plow  for.  $17.  p6 
Small  alternating-current  stations.  $54.  p38 

three-wire  systems.  $54.  pl6 

two-wire  stations.  $54,  pl4 
Soldered  bonds,  $19,  p30 
Solenoid-operated       oil-switch       mechanism, 
$53,p29 


Span-wire  insulators.  $18.  p22 

-wire  railway  construction.  $18.  pl5 

wires,  $18,  p21 
Special  trackwork.  $19.  p32 

trackwork.  Construction  of.  $19.  p35 
Speed  control  for  gasoline-electric  car,  $23.  p35 

control  for  storage-battery  car.  $23.  p34 

control  of  alternators.  $56.  p36 

control  of  electric  cars.  $23.  pi 

control.  Rheostatic.  $23.  p2 

control.  Single-phase,  $23.  p28 

-limit  device.  $55,  p37 

-limiting  circuit-breakers.  $53.  pl3 
Splice  bars,  $19.  pl9 
Splicing  aluminum  wire.  $18,  pll 

copper  wire.  $18.  plO 

feeders,  $18.  plO 

trolley  wires,  $18.  pl4 
Starting  alternating-current  motors.  $56.  plO 

a  six-phase  synchronous  converter.  $55,  p29 

a  synchronous  converter  by  an  induction 
motor.  $57.  p21 

tnduction-motor-driven  sets.  $57.  pi 

methods  for  motor-generators  equipped  with 
induction  motors,  $55,  pl5 

rheostats.  $53.  pU 

shunt  generators.  $56,  pl6 

shunt  motors.  $56.  p4 

synchronous    converters    by    combination 
method.  $57.  p23 

synchronous  converters  from  special  trans- 
former taps.  $67,  pl9 

83mchronous    converters    with    alternating 
current.  $65,  p47 

synchronous  converters  with  direct  current, 
$55.  p49;  $67.  p21 

synchronous-motor-driven     generator    sets, 
$65,p26 

synchronous-motor-driven  sets,  $57,  pi 
Station  conductors.  $54.  p3 

conductors.  Current  density  of,  $54,  p3 

equipment.     Operation     of     miscellaneous. 
$67.  p29 

generating  units.  Number  of.  $64,  pi 

generating  tmits.  Similarity  of.  $64,  p2 

Medium-size  alternating-current,  $64,  p46 

voltmeter.  $64.  p9 
Stations.  Alternating-current.  $64.  p28 

Capacity  of.  $64.  pi 

Direct-current  generating.  $64.  p4 

Direct-current  light  and  power.  $64.  pl4 

Electric.  $64.  pi 

Large  alternating-current.  $64.  p60 

Large  direct-current.  $64.  p26 

Location  of  electric.  $64.  pi 

Medium-size    direct-current    lighting    and 
power,  $64,  p23 
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Stations.  Railway.  §54.  p4 

Small  alternating-ctirrent,  |54,  p38 

Small  two-wire,  {54,  pl4 
Steel  ties.  {19,  p7 

ties,  Methods  of  fastening  rails  and,  $19,  p8 
Stopping  motors,  $56,  p7 
Storage-battery  auxiliary,  $17,  pl8 

-battery  car.  Speed  control  for,  $23,  p34 

-battery  cars,  $17,  p22 

battery,  Charging,  $57.  p33 

battery.  Discharge  of,  $57,  p81 

batteries.  Operation  of,  $57,  p29 
Subgrade,  $19,  pi 
Substation,  General  arrangement  of,  $55,  p4 

Portable,  $17.  p21 
Substations,  Alternating-current,  $55,  p54 

and  generating  stations.  Similarity  between, 
$55.  p3 

Automatic  synchronous^onverter,  $56.  p52 

Classification  of  direct-current,  $56,  p4 

Direct-current,  $55.  pp2,  4 

Electric,  $55,  pi 

for  light  and  power.  Synchronous-converter, 
$55,p38 

for  light  and  power.  Transformer,  $55,  p58 

for  railways.  Synchronous-converter,  $55,  p26 

for  railways.  Transformer,  $55,  p57 

Frequency-changer,  $55,  pp2,  54 

Miscellaneous  eqtiipment  of,  $55,  p6 

Number  and  capacity  of  units  of.  $55,  p5 

Outdoor.  $55,  p59 

Portable,  $55,  p38 

Purpose  of,  $55,  pi 

Transformer,  $55,  pp3,  57 

Transformers  for,  $55,  p9 

with    induction    motors.    Motor-generator, 
$55,pl5 

with  synchronous  motors.  Motor-generator, 
$55,p23 
Surfacing  track.  $19.  p40 
Suspensions  for  railway  line.  $18.  p23 
Switch  closing.  Time  element  in,  $56.  p36 

Control.  $53,  p26 

Control  and  reset,  $23.  pl6 

Field-break-up,  $55.  p31 
Switches.  $54,  p9 

Current  densities  in,  $53,  p4 

Cut-out,  $23.  pl5 

Disconnecting.  $53.  p46 

in  alternating-ctirrent  stations.  $54,  p44 

Knife-blade.  $53,  pp3.  23 

Length  of  air  break  for.  $53.  p5 

Mounting  knife-blade.  $53.  p7 

of  large  alternating-current  stations.  $54,  p52 

Oil.  $53.  p24 

Quick-break,  $53,  p6 

Unit.  $23.  p20 


Switchboard  panels.  Arrangement  of,  $54,  pl& 

The.  $53.  p39 
Switchboards.  Alternating-current.  $53,  p43 

Control-board  panels  for.  $53,  p47 

Direct-control,  $53.  p43     * 

Direct-current,  $53,  p40 

Electric  control  of,  $53,  p44 

General  requirements  for.  $53.  p39 

Mechanical  arrangement  of  remote-control 
for,  $53,  p44 

Remote-control,  $53,  p43 
Switchgear,  $53,  pi 

Alternating-current,  $58.  p23 

Classification  of,  $53,  p3 

Direct-controlled,  $53.  pi 

Direct-current,  $53,  p3;  $55,  p7 

Remote-controlled.  $53,  pi 
Synchronism  indicator  dials.  $57.  pll 
Synchronizing^  alternators.  $56,  p33 

circuits,  $54,  p29 

circuits  for  polyphase  alternators.  $54.  p83 

circuits  for  83mchronous  converters,  $55,  p50 

Effects  of  inaccurate,  $56,  p36 

with  lamps,  $54,  p29;  $56.  p34 

with  voltmeter  or  synchroscope,  $56,  p35 

with  voltmeters,  $54,  p35 
Synchronous  converter.  Connection  diagram  of 
six-phase,  $55,  p27 

converter.    Connection    diagram   of    three> 
phase.  $55.  p29 

converter.  Effect  of  an  interruption  of  the 
alternating-current  supply  to  a.  $57,  p26 

converter.  Regulation  of  X)Ower  factor  of  a, 
$57,  p28 

•converter  substations  for  light  and  power. 
$55,  p38 

-converter  substations  for  railways,  $55,  p26 

converters    and    motor-generators.    Choice 
between.  $55.  pl3 

converters,  Operation  of,  $57,  pl8 

converters.  Parallel  operation  of,  $57,  p25 

converters.     Synchronizing     circuits     for. 
$55,p50 

converters.  Voltage  regulation  of,  $57.  p25 

converters  with  alternating  current.  Starting, 
$55,p47 

converters    with    direct    current.    Starting, 
$55.p49 

-motor-driven  h^uency  changers.  $55.  p54 

-motor-driven  sets.  Starting.  $57.  pi 

motor,    Effect    of    interrupted    circuit    of, 
$56.  pl4 

-motor  nmning-light  test,  $52.  p31 

^notor  troubles,  $57,  p53 

motors.  Field  excitation  of.  $56,  pl2 
Synchroscope  connections.  $54,  p36;  $55.  p51 

Special  type  of,  $57,  pll 
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Synchroscopes,  Paralleling  frequency  changers 
by  special,  §57.  p8 


Ttmgent  railway  construction.  Typical,  fil8.  pl8 
Tap  for  catenary  bracket  construction.  Feeder, 

S18.P35 
Tapping  alaminum  feeders,  |18,  p90 
copper  feeders,  §18,  p28 
in  feeders.  {18,  p28 
Telephone  receiver.  Testing  with,  |57,  pfiO 
Temperattire  corrections  for  resistance  measure- 
ments, ^2.  p7 
Temperatures,  Safe  operating.  |56,  pi 
Tension  of  trolley  wire,  (18.  p20 
Test,  Alternator  running-light.  §62,  p28 

Conduct  of  alternator  running-light,  §52,  p29 
Conduct  of  induction-motor,  |52,  p37 
Conduct  of  running-light,  $52,  pll 
Conduct  of  series-motor,  |52,  p25 
connections.       Alternator       running-light, 

§52.  p28 
connections  for   alternator   with   auxiliary 

motor.  |52,  p32 
Connections  for  induction-motor,  §^,  p37 
Connections  for  loading-back,  |52,  pl9 
Connections  for  running-lig^t,  §52.  p9 
Connections  for  transformer,  §52,  p39 
for     alternators     with     auxiliary     motors, 

§52.p32 
for  bonds.  §20.  p26 
for  grounds,  Diflferential,  §57,  pdl 
for  rails.  Drop,  §19.  pl2 
Induction-motor,  §52,  p37 
Loading-back.  §52,  pl9 
Murray  loop.  §57,  pd5 
of  alternating-current  machines,  §52,  p28 
of  direct-current  machine,  §52,  p4 
of  direct-current  motor,  §52,  pl7 
of  direct-current  motor,  Conduct  of,  §52.  p21 
of  generator.  §52,  p8 
of  generator.  Preparations  for,  §52,  p8 
of  resistance  of  electrical  machinery,  §52,  p4 
of  series-motor.  §52.  p25 
Open-circuited  core-loss,  §52,  p32 
Position  of  brushes  in  running-light,  §52,  plO 
Preparations  for  induction-motor.  §52,  p37 
Preparations  for  loading-back,  §52,  pl9 
Preparations  for  series-motor,  §52,  p25 
Running-light,  §52,  p8 
Series-motor,  §52,  p25 

-sheet  data  for  direct-current  motor,  §52,  p23 
•«heet  data  for  induction  motor,  §52,  p38 
-sheet  data.  Running-light,  §52,  pll 
sheet  for  alternator  with  auxiliary  motor, 

§52,p33 
sheet  for  k>ading-back  test,  §52.  p24 


Test  sheet  for  runntng-lifl^t  test,  §52,  pl2 

sheet  for  series-motor  test,  §52,  p26 

sheet  for  transformer,  §52,  p40 

Short-circuited  core-loss,  §52,  p36 

Simchronous-motor  running-light,  §52,  p31 

Transformer,  §52,  p40 

Varley  k>op,  §57.  p68 
Tests,  Compcuison  of  methods  of.  §52,  pi 

for  continuity,  §57,  p60 

for  crosses  and  grounds,  §57,  p61 

for    defects    in    direct-current    armatures, 
§57,  p62 

for  faults  in  electrical  circuits,  §57,  p57 

for  feeder  and  track  return,  §20,  p32 

for  polarity,  §56,  pl7 

for  railway  lines,  §20,  p26 

of  compound  motors.  Polarity,  §56,  p8 

of  electric  railway  cars.  Energy,  §17,  p47 

Quantitative,  §57,  p64 

Track,  §20.  p38 
Testing  devices,  §57,  p67 

with  a  lamp  outfit,  §57.  p58 

with  detector  galvanometer,  §57,  p50 

with  magneto-bell,  §57,  p57 

with  telephone  receiver,  §57,  p50 

with  voltmeter,  §57,  p59 
Theory  of  lightning  arrester,  §53,  p20 
Thermit  rail  joint,  §19,  p24 
Third-rail  msulators,  §18,  p50 

-rail  leakage,  §18.  p5d 

rail.  Location  of,  §18,  p49 

•rail  road.  Calculations  for,  §20,  p23 

-rail  shoe,  §17,  p3 

-rail  system,  §17,  p3 

•rail  systems,  §18,  p49 

-rail  systems,  Connections  at  crossings  for, 
§18,p52 

-rail  systems.  Protection  for,  §18,  p51 

-rail  systems.  Sleet  troubles  of,  §18,  p54 

rail.  The,  §18,  p49 

rail.  Weights  of,  §18.  p50 
Three-part  Y  curve,  §19,  p32 

-phase  delta  connections,  §54.  p43 

-phase  star  connections,  §54,  p42 

-phase  synchronous  converter,   Connection 
diagram  of,  §55,  p29 

-wire  system,  Edison,  §56,  p27 

-wire  systems.  Small,  §54.  pl6 

-wire  systems  with  derived  neutral,  §55,  p43 
Through  Y  curve,  §19,  p32 
Thrown-over  turnout,  §19,  p33 
Tie  and  rail  accessories,  §19,  p9 

-plate,  Brace  for,  §19,  plO 

-plates,  §19,  p9 

-rods.  §19.  p9 
Ties.  §19.  p6 

Steel.  §19.  p7 
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Ties.  Wooden.  JIO,  p6 

Time  element  in  switch  cloeing,  |56,  i>3d 

required  for  acceleration,  §55,  p5 
Tirrill  regulator.  Setting  the.  (66,  p39 

regulators.  §54.  p4d 

regulators  with  alternators.  (66.  p39 

regulators   with   direct-current   generators, 
§66.  p28 
Track  clearances.  fil9.  p88 

construction,  (19,  pi 

Cupped.  (19,  p40 

curve.  Compound.  (19,  p38 

curve.  Easement.  (19.  p38 

curve.  Simple,  (19.  p37 

curve,  Transition.  (19,  p38 

gauges.  (19.  pl6 

Gauging.  (19.  p40 

Gauntlet.  (19.  p36 

Lining.  (19.  p40 

Maintenance  of,  (19,  p89 

-rail  resistance.  (20.  p9 

resistance.  (20,  p5 

resistance.  Calculation  of.  (20,  plO 

scrapers.  (22,  p46 

Surfacing.  (19.  p40 

tests,  (20.  p38 

The.  (19.  p6 

Weeds  on.  (19.  p41 
Trackwork,  Construction  of  special,  (19,  p35 

Special.  (19,  p32 
Tractive  effort,  (17,  p32 

effort  and  horsepower-output  ctirves,  (17.  p46 

•effort  formulas,  (17.  p31 

effort  for  trains,  (17,  p40 

effort  per  ton,  (17.  p36 

effort.  ToUl.  (17,  p35 

force.  (17.  p32 
T  rail,  (19,  ppl3. 14 
Train  resistance,  (17,  p32 

resistance  and  grades.  Total  kilowatt  input 
for,  (17.  p44 

resistance  curves.  Railway.  (17.  p42 

resistance.  Kilowatt  input  for,  (17,  p43 
Tram  of  rail,  (19,  pl3 
Transformer  substations,  (56,  pp3,  67 

substations  for  light  and  power,  (66,  p68 

substations  for  railways,  (66,  p67 

test.  (62,  p40 

test.  Connections  for,  (62.  p39 
Transformers,  Air  supply  for.  (66.  pll 

Blower  systems  for,  (56.  plO 

Capacity  of,  (66.  p9 

Connections  for.  (66.  p9 

Cooling  methods  for.  (66.  plO 

for  substations,  (56,  p9 

Number  of.  (56,  p9 

Oil-and-water-cooled,  (56,  pl2 


Transfonners.  Oil-cooled,  (56.  plO 

Operation  of,  (67.  p36 
Transition  points.  Controller,  (23,  p8 

track  curve,  (19.  p38 
Trip.  OverkMtd,  (23,  p23 
Trolley.  (17.  p2 

catchers,  (22,  p7 

fittings.  (22.  p4 

fork,  (22.  p4 

guards,  (22,  p8 

harp,  (22.  pp4,  6 

pole,  (22,  p5 

retriever.  (22.  p8 

stand,  (22.  p4 

system.  (17,  p2 

The.  (22.  p4 

Underground.  (17,  p5 

wheel.  (22.  pp4.  6 

wire,  (17.  p2 

wire  at  curves.  Offset  in,  (18.  p20 

-wire  devkes,  Auxiliary,  (18.  p22 

-wire  erection,  (18.  pl8 

-wire  tension.  (18.  p20 

wires.  (18.  pl3 

wires.  Cross-sections  of.  (18.  pl4 

wires.  Material  of.  (18.  pl3 

wires.  Splicing,  (18,  pl4 

wires.  Suspension.  (18.  pl6 
Troubles    of     alternating-current     machines. 
(67.  p62 

of  alternators.  Operating,  (66.  p43 

of  direct-current  machines,  (67,  p41 

of  induction  motors.  (67.  p62 

of  synchronous  motor,  (57.  p53 
Ttucks.  (22.  p49 

Axle  bearings  for,  (22,  p52      - 

Classification  of.  (22.  p49 

Roller-wheel  bearings  for.  (22.  p53 

Types  of.  (22,  p60 

Wheel  base  of.  (22.  p64 

Wheels  for.  (^,  p64 
Ttunk  connections  for  cars,  (22,  pi 

wire,  (22,  pi 
Two-phase  connectk>ns.  (64.  p41 


Underground  trolley,  (17,  p6 
Unit  switches.  (23,  p20 
Unprotected  bonds.  (19,  p28 


Varley  k)op  test,  (67,  p68 

Voltage.  Adjustment  of.  (66.  pl9 
for  paralleling.  Correct,  (66.  pl9 
regulation  ol  compotmd  generators.  (60.  p23 
regulation      of      synchronous      converters, 
(67,p26 
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Voltages  between  trolley  and  rail.  Alternating-       Wheel  bearings,  (22.  i>52 

current,  (17,  p25  gauges,  |19,  pl6 
Voltmeter    connections,     Alternating-current,       Wheels  for  trucks,  522,  p54 

555,  p52  Windage  loss.  (52,  p2 

Station.  §54,  p9  Winding  room,  $22.  p50 

Testing  with,  fi57,  p59  Wire  table.  Stranded,  |20.  p20 

Trunk.  §22,  pi 

W  Wires,  Guard,  §18.  p22 

Wall-type  control-board  panel.  563.  p47  Span,  518,  p21 

Watt-hour  meter  connections,  §66.  p20  Trolley,  518,  pl3 

-hour  meters,  554.  p8  Wiring  diagrams.  5^5,  p22 

Wattmeter  connections,  555,  pl9  Pressure,  5^3.  p40 

Wattmeters.  Integrating.  554,  p8  Wooden  poles,  518.  pi 

Web  of  rail.  519.  pl3  poles.  Data  on.  518.  p2 

Weeds  on  track,  519.  p41  poles.  Installation  of.  518.  p2 

Weight  of  rails.  519.  pl3  poles.  Selection  of.  518.  pi 

of  rails  per  mile.  520.  p34  ties.  519,  p6 

Weights  of  third  rail,  518.  p50  ties.  Preservation  of.  519,  p6 
Welded  bonds.  Electrically,  519,  p30 

rail  joint.  Arc,  519.  p23  _ 

rail  joint.  Cast,  519,  p24 

rail  joints.  §19.  p21  Zinc  rail  joint.  519,  p25 
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